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ABSTRACT 
 
Nitrogen (N) is a key limiting plant nutrient and its availability is expected to have significant 
impacts on the expression of genes that function in nitrogen metabolism and growth responses to 
N.  Although a key target for improving maize yield response to nitrogen, relatively little is 
known about the gene regulatory systems that modulate N remobilization. Advancements in 
sequencing and computational analysis have led to systems-level understanding of gene 
expression in the model plant Arabidopsis.  These improvements can be applied in maize using 
transcriptional profiling and established populations as genetic tools for understanding the 
regulation of N remobilization.  Elucidating the N-responsive transcriptome is the first step 
toward understanding the complex interaction network which regulates maize response to N.  
This analysis discovered candidate genes which were tested using functional genomic techniques 
including mutants and near-isogenic lines.   
 
RNAseq was performed to profile changes in gene expression in both leaf and developing ear 
tissues of plants grown in the field with different levels of soil N supply during the period of 
active N remobilization. RNA profiles were obtained from three genotypes that differ in N 
utilization: Illinois High Protein (IHP1), Illinois Low Protein (ILP1) and B73. IHP1 and ILP1 are 
inbred strains developed from the Illinois long term selection experiment (ILTSE) for seed 
nitrogen concentration.  The developmental dynamics of nitrogen response were described for 
the reference genotype, B73, and were coordinated with physiological and environmental 
dynamics.  Classes of genes that showed coordinated transcriptional responses to N across 
different tissues and developmental stages within a genotype may indicate key control points in 
N cycling between source and sink tissues.  Expression profiling was used to identify gene 
expression “hubs”—genes that interact with many other N-responsive genes in a gene network.   
 
Putative mutant alleles from reverse genetics resources were obtained for candidate genes 
identified in chapter 2, but few were confirmed to decrease gene expression.  One mutant, zap1-
mum1, was knocked out in a tissue specific manner, with expression loss only in the leaves.  The 
zap1-mum1 mutant was grown in the N-responsive field and profiled for transcriptomic and 
phenotypic response.  In total, 875 genes were differentially expressed in the zap1-mum1 mutant 
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compared to wild-type.  In addition, the nitrogen responsive component of the transcriptome was 
impacted.  Phenotypically, no obvious visual defects were observed in vegetative or floral 
structures.  However, for both field N rates, the zap1-mum1 mutant had increased ear weights 
and kernel number, showing the indirect effect of perturbation of the vegetative transcriptome on 
sink tissues. 
 
Relative to B73, IHP1 is more efficient at taking up and translocating nitrogen and ILP1 exhibits 
a reduced ability to uptake and remobilize nitrogen; these different nitrogen use strategies were 
apparent in the transcriptome profiles of these genotypes. In total, over one-quarter of all maize 
genes exhibited variation in DNA sequence or RNA expression between IHP1 and ILP1, 
revealing the powerful evolutionary change resulting from the combined impacts of long-term 
reproductive isolation and recurrent divergent selection.  Moreover, grain protein is a highly 
quantitative trait, and many genes were likely affected specifically by selection.  Genes linked to 
component traits and known aspects of grain protein like nitrogen and carbon metabolism would 
be strong candidates for selection rather than drift, and many such genes were identified for their 
differences in the IHP and ILP transcriptomes.  Only 376 genes were found to exhibit strong 
divergence in both allele frequencies and expression level among IHP and ILP, these genes are 
most likely to influence grain protein.  In addition to allelic and differential expression between 
IHP and ILP, candidate genes were identified through gene expression networks and nitrogen 
response in IHP.  Comparing all four methods of identifying candidate genes showed ten genes 
that were significant in all analyses.  This small set and other candidate alleles could be exploited 
to improve maize breeding. 
 
Prior studies in our lab have shown that changes in the regulation of both the synthesis and 
degradation of asparagine are associated with the different N remobilization phenotypes of IHP1 
and ILP1.  The effect of asparagine cycling alleles was confirmed using a series of near isogenic 
lines where variant alleles for these genes were introgressed into the IHP1 background, and vice 
versa.  Grain protein concentration decreased by 0.9% on average in IHP1 when ILP1 alleles for 
asparagine synthetase 3 or asparaginase were introgressed.  Protein concentration in the ILP1 
background increased commensurately, by 0.8% on average in the near isogenic lines.  This 
change in grain protein was significant, but was still insufficient to account for all of the grain 
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protein variation between IHP and ILP.  Further characterization of the differences between IHP 
and ILP is necessary. 
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CHAPTER 1: LITERATURE REVIEW:  
 
Motivation and Significance 
The world population is expected to reach 9 billion by 2050, resulting in a need for 70-100% 
more food production over the next 40 years (WorldBank.org).  Twentieth century plant 
breeding produced dramatic improvements in yield but reduced genetic diversity, which could 
limit future gain.  An important goal for agriculture in the face of climate change will be to 
increase crop yields with fewer inputs from nitrogen (N) fertilizer.  Improved nitrogen use 
efficiency (NUE) can be applied not only in the Corn Belt, but also on marginal lands within the 
US, and in developing countries where soils are nutrient-poor and food security is an issue.   
 
Past gains in crop yields have been aided greatly by the addition of fertilizer N.  However, using 
current practices and projected demands for increased crop yields, the world will need to add 
three times more fertilizer to future cropping systems.  Most of the increased use of fertilizer will 
occur in developing countries (Zhang et al., 2015).  Nitrogen fertilizer is often applied at rates 
greater than the expected plant demand to ensure sufficient nitrogen over the course of the 
season; these excessive applications are a significant economic and ecological problem in 
farming.  Nitrogen is one of the three biggest costs to farmers growing maize, and being closely 
tied to energy costs, is also volatile (Schnitkey, 2016).  Moreover, only 40-50% of applied N is 
taken up by the plant (Kant et al., 2011).  The excess N is lost to leaching from the soil, 
denitrification, volatilization, and other processes.  Runoff from farms is a major contributor to 
eutrophication in the Gulf of Mexico (Conley et al., 2009).  Moreover, regulations from the 
federal government could generate an impetus for change in management of nitrogen runoff, 
particularly for waterways through the Clean Water Act (EPA.gov).   
 
Improvements to plant nitrogen uptake are an obvious solution to the problem of environmental 
N losses.  Agronomic management practices aim to optimize the form and timing of fertilizer 
application to match plant need with soil N availability (e.g., Chen et al., 2011).   N fertilizer use 
in U.S. maize production has remained steady at approximately 150 kg N per hectare since the 
1980s.  Farmers have also begun to move away from the particularly damaging practice of fall 
fertilizer application (Dinnes et al., 2002) shifting instead to the late spring and early summer, to 
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coincide with the window of rapid N uptake during vegetative and early reproductive growth 
(Gentry and Below, 1993; Mueller and Vyn, 2016). 
 
Genetic improvement of N utilization, the amount of biomass accumulated per unit of acquired 
plant N, is a complementary approach to further increase NUE.  Maize NUE, and in particular N 
utilization, has risen in recent years (e.g. Haegele et al., 2013) and was partially a product of 
increased overall yields from increased stress tolerance and improved management.  Moreover, 
the genetic mechanisms associated with N utilizations are poorly understood.  Knowledge of 
nitrogen-responsive genes and their regulation will enhance genetic gain for NUE, boosting yield 
while also reducing the economic costs and environmental impacts surrounding fertilizer N 
application.   
 
Studies in Arabidopsis and other plants have demonstrated that construction of gene expression 
networks can lead to a wealth of knowledge about the regulation of N metabolism and utilization 
(Li et al., 2015; Xu et al., 2012).  Applying this information in crops such as maize offers new 
opportunities to improve plant production and yields through molecular breeding and 
biotechnology approaches.  Emergent properties of the N gene expression network discovered in 
Arabidopsis have uncovered a role for asparagine cycling genes in particular and nitrogen 
metabolism genes in general (Gutierrez et al., 2008). The Moose lab has independently verified 
key aspects of this N gene expression network in maize, and also identified novel network 
features. Perturbations of the network can give us insight into the roles of individual genes and 
network interconnections or “hubs” which play a large role in determining the N utilization 
phenotype.   
 
Nitrogen Use Efficiency throughout Development  
Nitrogen Uptake  
At various stages in the maize plant life cycle, different aspects of nitrogen use efficiency 
contribute to improved plant growth.  At various stages in the maize plant life cycle, different 
aspects of nitrogen use efficiency contribute to improved plant growth.  During early vegetative 
growth, the plant acts as a straw to draw nitrogen and other nutrients out of the soil water 
solution.  This nitrogen supports high levels of photosynthesis and rapid growth.  The 
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preponderance of NUE research in maize has been performed on young plants that are focused 
on N uptake, and this extends to transcriptional profiling studies that have characterized   root 
response to N (Zamboni et al, 2014) and the differential response between roots and shoots (Bi et 
al, 2014; He et al, 2016; Yu et al, 2015).  Multiple studies have identified a role for AP2/EREBP 
transcription factors in N response (Chen et al, 2015; He et al, 2016).  Using a root development 
mutant, He et al (2016) found a connection between root development genes and transcriptional 
N response.   
  
The rate of N uptake decreases as the plant progresses to maturity, such that late season 
application of N is often unable to increase maize grain yields unless N deficiency is severe.   
Binder et al (2000) found the maximum N uptake in maize occurred around silking, reductions in 
N uptake may signal to the plant to begin N remobilization from leaves and stems (Rajcan and 
Tollenaar, 1998).  N taken up late in plant development is directly shuttled to the ear (Subedi and 
Ma, 2004).  In maize, up to 95% of seed protein comes from amino acids exported to the seeds 
from storage in the leaves (Hirel et al, 2001; Donnison et al, 2007).  Historical surveys of maize 
hybrids indicate longer duration and slightly enhanced capacity for total N uptake in modern 
germplasm, particularly at higher plant densities in N limiting environments (Ciampitti and Vyn, 
2013; Haegele et al., 2013).  However, there is limited genetic variation for N uptake among 
recent maize hybrids adapted to the U.S. Corn Belt (Haegele et al., 2013; Bubert, 2014). 
 
Moll et al. (1982) was the first to document that genetic variation in maize for N uptake is most 
correlated with total NUE under conditions of high fertility, but when N is limiting, N utilization 
is more important.  As the plants flower and eventually begin senescence, nitrogen utilization 
becomes the more important process for nitrogen efficiency.  Subsequent studies have made 
similar observations (Muchow, 1998; Haegele et al., 2013; Bubert, 2014; Mueller and Vyn, 
2016).  Later in the growing season, high rates of nitrogen uptake can inhibit nitrogen 
remobilization, which likely explains why recent high yielding maize hybrids display greater N 
remobilization than late season N uptake (Ciampitti and Vyn, 2013).  Understanding the genetic 
regulation of the apparent biological tradeoff between post-anthesis N uptake and N 
remobilization could inform novel strategies to increase N availability from both soil and 
vegetative tissues, to synergistically promote ear growth and seed filling.   
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Nitrogen Assimilation  
Genes for primary nitrogen assimilation are well characterized in plants (Xu et al., 2012) and 
maize in particular (Hirel et al., 2001; Li et al., 1993; Martin et al., 2006; Masclaux et al., 2001; 
Miflin and Habash, 2002).  N-responsive genes have been studied in Arabidopsis mutants to 
determine which genes are responsive directly to nitrate and which are responsive to plant N 
status (Wang et al., 2004; Yi-Bo et al., 2010).  The differential N response in roots and shoots is 
also well characterized (Krapp et al., 2011).  Systems biology approaches that integrate 
metabolites and gene expression have been developed to understand regulatory networks in the 
model plant species Arabidopsis (Gutiérrez, 2012), and due to the high conservation of primary 
N assimilation genes among plants, can be extended to crops such as maize (reviewed in Simons 
et al., 2014; Fukushima and Kusano, 2014).  The N-responsive gene expression network is 
integrated through the circadian clock gene CCA1, and the network showed coordinated 
responses for glutamine synthetase, glutamate dehydrogenase and asparagine synthetase 
(Gutierrez et al., 2008).  
 
Compared to Arabidopsis, few studies focus on the characterization of N responsive gene 
expression in crop plants.  Recent studies have identified M-responsive genes in rice seedling 
leaf sheath and roots (Yang et al., 2015) and genotypic differences in wild barley (Quan et al., 
2016). The potato transcriptome was assessed to identify promoter motifs involved in N response 
(Galvez et al., 2106).  For maize in particular, Amiour et al. (2012) found maize leaves were 
more responsive to external N during vegetative growth when the plant is actively involved in N 
uptake.  Transcriptome profiling using microarrays revealed 150 differentially expressed genes at 
the V10 growth stage and 51 differentially expressed at physiological maturity, with nearly equal 
frequencies of upregulated and downregulated genes during long-term N-deficiency.  The 
majority of plant response came from genes participating in primary C- and N-metabolism.  
Schluter et al. (2012) found in addition to impacts to C and N metabolism, phosphate 
homeostasis was affected by N deficiency.  Within that response, gene expression during N 
limitation is strongly affected by genotype and age of the plant.  Additionally, different tissues in 
the plant have specialized adaptation strategies to N deficiency based on the necessary tasks 
performed in that tissue. 
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Twentieth century breeding programs produced a bottleneck on maize genetic diversity, which 
could limit the ability to continue to improve nitrogen use efficiency through breeding.  
However, biotechnology approaches allow for genetic improvement using sources outside maize 
germplasm resources.  In addition, biotechnological improvement can manipulate gene 
expression in a way that is informed by developmental and tissue-related context.  McAllister et 
al. (2012) reviewed transgenic interventions involving N uptake and N assimilation.  The 
manipulation of nitrate reductase and nitrite reductase changed the biochemistry of the plant, but 
did not affect yield or plant growth.  The regulation surrounding the nitrogen assimilation system 
is complex.  The glutamine synthase (GS) and glutamine oxoglutarate aminotransferase 
(GOGAT) system is also involved in primary nitrogen assimilation and is another obvious 
intervention point that has been studied extensively.  The overexpression of NADH-GOGAT in 
rice increased grain weight by up to 80%.  Likewise, overexpression of GS2 in tobacco 
generated 20-30% larger plants (Migge et al., 2000).  The early biochemical steps of nitrogen 
assimilation into the maize plant have been tested to improve maize growth (e.g. Martin et al., 
2006).  These processes may need refined spatiotemporal expression patterns to effectively 
improve N assimilation.  Other downstream biochemical steps may be more effective places for 
genetic intervention. 
 
Nitrogen Utilization 
Nitrogen utilization is the important process where the plant uses the nitrogen within the plant to 
support reproductive growth.  This second sphere of nitrogen metabolism is able to move 
nitrogen within the plant and bring it to metabolically active growing points as needed.  This 
balancing process of available nitrogen in different tissues is dynamic and must respond to the 
changes in plant needs within tissues as the maize plant grows, flowers, and supports the growth 
of an ear. 
 
In addition to leaves and the seeds, the cob is also an important tissue to investigate for its role in 
remobilization.  Assimilates differ between the kernel and the cob; and the cob tissues actively 
precondition compounds for import into the developing kernel (Seebauer et al., 2004; Seebauer 
et al, 2010).  One gene expression study has examined N-responsive gene expression in cob 
tissues at anthesis (Pan et al, 2015), where genes involved in carbon and N metabolism or 
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transport were enriched for expression in cob tissues, and more N-responsive genes were 
observed in cob tissues compared to florets.   
 
Asparagine 
Named for Asparagus, where it was first identified, asparagine was the first amino acid isolated 
from plants in 1806 (Delaville, 1802; Vauquelin and Robiquet, 1806).  Asparagine has recently 
garnered a poor reputation due to concerns its role in acrylamide concentrations in French fries 
from the Maillard reaction (Mottram et al., 2002).  Asparagine has a C:N ratio of 2:4, making it 
favorable for storage of N.  It is also important for seed germination and N transport.  The amino 
acid accumulates in all plant parts when there is ample N, and asparagine can be among the 
largest components of the xylem and phloem sap (Lea et al., 2006).  Asparagine is highly stable 
and highly mobile within the plant (Sieciechowicz et al., 1988).  In contrast to glutamine, which 
is readily metabolized in various plant organs, asparagine is metabolized selectively, since 
asparagine is the substrate for only a few reactions (Azevedo et al., 1997; 2006).  Excess 
asparagine is often re-exported out of the mature leaf to the xylem and phloem.  This 
combination of features makes asparagine is a valuable transport molecule (Sieciechowicz et al., 
1988), and a central metabolite in the transfer of N between metabolically active and storage 
forms. 
 
In studies using excised leaves, asparagine was shown to be a major metabolic product in 
senescing leaves (Mothes, 1926; 1940).  Moreover, asparagine accumulates in plants during 
stress, alongside the accumulation of proline.  This may be a direct response in order to maintain 
osmotic balance, or it may be an indirect response due to a decrease in protein synthesis (Stewart 
& Larher, 1980).  More recently, asparagine concentration has been found to be correlated with 
seed protein concentration at maturity in soybeans, indicating a potential role for asparagine 
itself as a signal for plant N content and convey N source strength to the seeds (Hernandez-
Sebastia et al., 2005; Pandurangan et al., 2012).  The same correlation between increased 
asparagine concentration and protein content in high protein lines was found in rye (Dembinski 
and Bany, 1991). 
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Asparagine synthetase 
Plants make asparagine using a single enzyme, asparagine synthetase (AS).  Asparagine 
synthetase is encoded by a gene family in plants; Arabidopsis has three genes encoding AS, 
while maize has four (Todd et al., 2008).  The asparagine synthetase gene family expression in 
maize was characterized by Todd et al. (2008).  AS1 and AS4 are ubiquitously expressed genes, 
while AS2 and AS3 exhibit some degree of tissue specificity.  AS2 is largely absent from above-
ground, green tissues, and AS3 expression is restricted to root and root-crown tissue.  For plants 
in general, the different isoenzymes of AS provide asparagine at different phases of 
development.  Germinating seeds require free asparagine, vegetative stage plants recycle 
asparagine in response to stress, and asparagine is important for N remobilization during seed 
embryogenesis (Gaufichon et al., 2010). 
 
Asparagine synthetase expression is regulated by multiple environmental factors.  AS activity in 
most members of the gene family is light-repressed (Gaufichon et al., 2010).  Relatedly, AS 
shows reciprocal regulation with the carbohydrate status of the plant.  Thus, during the day when 
photosynthetic machinery is active, sugars are produced, and both light and carbohydrates act to 
repress AS expression (Todd et al., 2008).  The gene family encoding AS shows varying degrees 
of nitrogen response.  AS1 is induced by N, while AS2 is found even in N-starved plants (Lea et 
al., 2006).  When N:C ratios are high, AS1 acts to redirect N into asparagine as a shunt for 
storage and transport of N in the plant (Lea et al., 1994).   
 
Evidence for genetic regulation of asparagine synthetase is less understood.  Evidence for one 
regulator has been found using a network approach in Arabidopsis.  This basic-leucine zipper 
transcription factor, bZIP1, induces AS1 in response to glutamate.  Additionally, bZIP1 itself is 
regulated by the circadian clock gene, CCA1.  bZIP1 is also involved in sugar signaling and 
integrates the signaling networks for light, sugars, and N (Gutierrez et al., 2008).   
 
Asparaginase 
The second enzyme involved in asparagine cycling is asparaginase, which converts asparagine 
and glutamate to aspartate and glutamine.  Gene expression of asparagine varies over the 
growing season and tissues within the plant.  Asparaginase activity in the leaf increases after 
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flowering and decreases during leaf development (Sieciechowicz et al., 1988).   In contrast, 
asparagine is abundant during the seed maturation process in legumes (Lea et al., 2006).  A GUS 
reporter line in tobacco showed asparaginase expression predominantly in developing tissues of 
mature plants, including the apical meristems, expanding leaves, inflorescences and seeds (Grant 
and Bevan, 1994).  In Arabidopsis, asparaginase expression is associated with sink tissues, 
although it was abundant in leaves as well (Schmid et al., 2005).  
 
The regulation of asparaginase is poorly understood.  Although asparaginase is diurnally 
regulated in peas and Arabidopsis, asparaginase does not appear to be diurnally regulated in 
maize.  Additionally, asparaginase does not appear to be post-transcriptionally modified through 
phosphorylation or dephosphorylation (Sieciechowicz et al., 1988).  This may indicate the 
regulation of asparaginase is affected by cis-elements and that further work is needed to identify 
its regulators. 
 
Carbon-Nitrogen Balance 
Plants employ a complex regulatory system to coordinate carbon and nitrogen metabolism with 
respect to nutrient availability and the plant’s need for growth and development.  Signals 
involved to regulate the two processes include nitrate, ammonium, nitrogen metabolites, carbon 
metabolism signals, and plant hormones including cytokinin.  Several receptors for the 
regulatory process have been studied (reviewed in Nunes-Nesi et al., 2010).  PII; TOR; triose-6-
phosphate, and proteins like CHL1 and NRT1.1, which both function as nitrate sensors and 
transporters, have been implicated as possible regulators of N sensing and coordination of N and 
C metabolism.  Glutamate is a source of both C and N to other pathways, and both a glutamate 
receptor homolog and an associated 14-3-3 protein are involved in glutamate signaling of N 
status and supply (Nunes-Nesi et al., 2010). 
 
Biochemically, carbon and nitrogen metabolism are intertwined.  N availability determines 
photosynthetic capacity and crop yield (Nunes-Nesi et al., 2010).  Nitrate-induced 
phosphorylation of PEPC and sucrose phosphate synthase serves as a regulatory measure to 
balance carbon skeletons between amino acid biosynthesis and photosynthesis (Good and Beatty, 
2011).  Starch and protein content in the plant are correlated and may exist in the same 
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regulatory network affecting biomass production (Sulpice et al., 2009).  Carbon and nitrogen 
metabolism are not only linked during nutrient limitation.  Bloom et al. (2010) showed that high 
atmospheric CO2 inhibited nitrate assimilation in C3 plants, possibly due to decreased 
photorespiration and thus decreased NADH or increased competition for reductant (NADPH). 
 
Carbohydrates are assimilated in the leaf and distributed in the plant via phloem.  This occurs via 
sucrose-proton symporters called SUTs.  Maize has 5 SUT genes, including SUT1 which is 
essential for phloem loading of sucrose (Braun and Slewinski, 2009).  Regulation of sugar 
transporters may involve redox potentials, as redox is a reporter of carbon availability in the 
plant. The transporters may also be directly regulated by MdCYB5, a protein that physically 
interacts with sucrose transporters and modulates their activity (Slewinski and Braun, 2010). 
 
Transport of N into and within the plant is an obvious point of improvement for NUE and yield, 
but interventions using transporters have had mixed results.  Overexpression of nitrate and 
ammonium transporters did not generate higher NUE (reviewed in Good et al., 2004).  In 
contrast, overexpression of a protein of unknown function OsENOD93-1 in rice improved seed 
yield and amino acid concentrations in the plant.  Based on expression profiling and protein 
localization, OsENOD93-1 is thought to be involved in N translocation from roots to shoots (Bi 
et al., 2009).  Similarly, VfAAP1, an amino acid transporter in Vicia faba, was overexpressed 
using a seed specific promoter.  The resulting plants had increased seed size and amino acid 
concentration in the seed, which was thought to be produced because of the increased sink 
strength from increased seed storage protein synthesis and content (Rolletschek et al., 2005).   
Manipulation of a hexose transporter gene, STP-13 in Arabidopsis caused plants to accumulate 
more biomass when grown with sufficient N.  The increased carbon availability from the sugar 
transporter increased NUE, likely through induction of NRT2.2 expression by higher sugar levels 
(Good and Beatty, 2011).  Despite mixed results for genetic improvement, manipulation of 
carbon and nitrogen transporters has showcased the importance of C:N balance in improving 
yield. 
 
One putative transcriptional regulator of C:N balance has been investigated in detail in 
Arabidopsis and maize.  Dof1 is an activator for organic acid metabolism including 
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phosphoenolpyruvate carboxylase (PEPC).  Transgenic Arabidopsis and rice plants 
overexpressing ZmDof1 from maize subsequently upregulated the expression of genes involved 
in carbon skeleton production and increased the amino acid content.  The overexpression lines 
also showed improved growth under low N (Yanagisawa et al., 2004; Good et al., 2004; Kurai et 
al., 2011).  However, Cavalar et al. (2006) found a reduction in ZmDof1 expression to 20% of 
normal level is insufficient to change the expression of C4 metabolism genes it is expected to 
regulate.  Moreover, changes in glucose, malate and C:N ratio were unchanged in the mutant 
plants.  Unfortunately, a mutant approach is sometimes unable to generate the clear and distinct 
expected phenotype.  Overall, Dof1 likely plays a role in regulating these pathways, but 
understanding its role sufficiently to optimize its expression may be difficult.   
 
On the genetic level, Dof1 binding sites have been discovered near important NUE genes, often 
in a co-regulatory module with bZIP proteins.  Evidence for Dof1 interactions exists for the bZIP 
protein OBF in Arabidopsis, and the maize prolamin box factor, PBF, which interacts with the 
bZIP factor opaque2 to regulate zein protein concentration (Vicente-Carbajosa et al., 1997; 
Zhang et al., 2015).  A Dof binding motif was also found upstream of SUT1 in maize, indicating 
a possible role in both N and C metabolism (Slewinski and Braun, 2010).   
 
Source-Sink 
Source-sink interactions are pertinent to NUE and the interaction of NUE with developmental 
processes.  Sources and sinks in the plant are rarely static.  A leaf begins its life cycle as a sink 
tissue, needing nourishment from the seed or older, photosynthetic leaves to grow and develop.  
Once photosynthetic, the leaf acts as a source of sugar and energy for the rest of the plant.  Upon 
receiving a series of signals to senesce, the leaf dismantles the photosynthetic machinery and 
exports the stored nitrogen to be sent to the developing ear, which is a strong sink.   
 
Source-Sink Transition  
Masclaux et al. (2000) characterized the source to sink transition in tobacco plants.  They found 
the transition occurs when carbohydrates accumulate past a threshold in the leaf and N is 
depleted.  At this point, glutamine synthase and GOGAT are upregulated; these enzymes are 
involved in the remobilization of carbohydrates, N and minerals during senescence.  Glutamine 
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dehydrogenase is also induced during senescence to increase N remobilization by deamination of 
glutamine and generation of bursts of free ammonia to be re-assimilated into transport 
compounds (Good and Beatty, 2011). 
 
The relative importance of each side of the source-sink equation has been debated.  Some studies 
have shown yield to be sink limited unless the plant is under severe nutrient deficiency (Borras et 
al., 2004).  In contrast Seebauer et al. (2010) found individual kernels are able to increase in dry 
weight, starch and protein to utilize available source products when the ear has been truncated, 
lending evidence for source limitation. 
 
Senescence  
Nitrogen remobilization is a vital component of the biological process of senescence, as the plant 
stops vegetative growth and moves sugars and nitrogen from existing tissues to the grain.  The 
earliest sign of senescence is the breakdown of chloroplasts; this decreases the photosynthetic 
capacity of the leaf (Masclaux et al, 2000).  As such, stay-green is a phenotype where senescence 
is delayed and photosynthetic capacity is retained for longer in the growing season.  Stay-green 
is correlated with improved source to sink ratio during grain fill, which results in increased yields 
(Rajcan and Tollenaar, 1998).   
 
Senescence is a tightly controlled genetic process; however, it is also a process that can speed up 
or slow down in response to changing environmental and regulatory conditions (Masclaux et al., 
2000; Jibran et al., 2013).  Senescence is likely governed by age or developmental stage of the 
plant; while the timing and progression of senescence are plastic, no environmental change can 
stop senescence completely (Jibran et al., 2013). 
 
Nonetheless, many environmental and genetic factors impact the plasticity of senescence.  Leaf 
senescence is affected by N, water, light and crowding (Ciampitti and Vyn, 2013).  Increased 
sugar concentrations in the leaves repress photosynthesis and induce senescence (Gan and 
Amasino, 1997; Wingler et al., 1998).  More specifically, a high C:N ratio induces senescence.  
Both high sugar concentration and N limitation can induce senescence, and likely act in concert 
(Guiboileau et al., 2010).  While low N concentrations will induce senescence alone, increasing 
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sugar concentration will increase the rate of senescence (Wingler et al., 2004).  Likewise, 
additional stress, such as from drought, in addition to an imbalanced C:N ratio will further 
increase the rate of senescence (Chen et al., 2015). 
 
In Arabidopsis, WRKY53 is a positive regulator of senescence, while WRKY70 is a negative 
regulator (Zentgraf et al., 2010).  GATA4 was identified by a yeast one hybrid assay as a 
potential regulator of WRKY53.  The maize ortholog (GRMZM2G113098) is present within a 
one of the robust QTL intervals for nitrogen use efficiency identified previously by the Moose 
Lab (Liu et al., 2014).  A mutant in the Arabidopsis abi5 gene, a bzip transcription factor, 
showed delayed senescence under high sugar, low N concentrations that are known to induce 
senescence in wild-type plants (Guiboileau et al., 2010). 
 
Hormone control of senescence is mediated by ethylene, an inducer of senescence, and 
cytokinin, which slows senescence (Guiboileau et al., 2010).  Abscisic acid, jasmonic acid and 
salicylic acid are also implicated in the induction of senescence.  Nitschke et al. (2016) generated 
a jasmonate resistant mutant that showed reduced cell death, indicating jasmonic acid is crucial 
to induce cell death. 
 
Cytokinins are a major class of hormones that promote cell growth and division, but also play a 
role in reproductive development and delay of senescence.  Cytokinins are also important for 
seed germination, establishing apical dominance and axillary bud growth, but those processes are 
less important for regulation of nitrogen metabolism (Ashikari et al., 2005).   
 
Cytokinin is thought to play a role in signaling translocation of nitrogen from source to sink 
tissues during senescence (Ashikari et al., 2005).  A transgenic maize plant overexpressing 
isopentenyl transferase under a senescence-inducible promoter (SAG12-IPT) led to increased 
cytokinin concentrations in senescing tissues.  SAG12 is a cysteine protease, and it is an 
excellent marker for senescence that can differentiate between genetically driven senescence and 
generalized stress.  SAG12 expression is correlated with expression of N rembobilization genes 
including GS1.1, GS1.4, and ASN1 in Arabidopsis, although the process of autophagy is 
independent of nitrate uptake and reduction (Avila-Ospina et al., 2014).  The SAG12-IPT plants 
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showed delayed senescence, particularly under low N, through a “stay green” phenotype and 
extended the viable period of the source tissues (Good and Beatty, 2011).  Similarly, a rice 
mutant encoding ckx2, a cytokinin oxidase/dehydrogenase, had high levels of cytokinin in shoot 
tissues which increased panicle number and grain biomass (Ashikari et al., 2005).  
 
Nitrogen processes and their interactions with senescence can be uncovered using the experiment 
I will describe in Chapter 2.  By profiling gene expression in both source and sink tissues 
throughout grain development and particularly grain fill, we can identify particular patterns of 
expression necessary for both source and sink metabolism and identify tradeoffs where the same 
suite of genes are employed differently in the leaf and ear to meet the different needs of the 
plant. 
 
Illinois Long Term Selection Experiment for Grain Protein Concentration 
Begun in 1896, the Illinois Long Term Selection Experiment is the longest running genetic 
experiment in higher plants with over 110 cycles of recurrent selection for grain protein.  Cyril 
Hopkins, an agricultural chemist, established a set of experiments to try to change the grain 
protein concentration, both to higher protein and lower protein (Hopkins, 1899).  The initial 
population was started from an open-pollinated variety of corn, “Burr’s White.”  Crosses were 
performed within the selection populations to limit inbreeding depression, and four different 
crossing methods have been utilized over the years.  The method for protein quantitation has also 
changed as new technologies have become available.  A selection intensity of approximately 20 
percent of ears per generation was used throughout the experiment (Dudley and Lambert, 2004).   
 
Over the course of the experiment, the goal changed to be identification of the limits of grain 
protein and oil concentration in the seed (Dudley and Lambert, 2004).  The first report of lack of 
response to selection in the low protein strains was in 1992, showing response stopped at cycle 
65 and the lack of response was likely due to a physiological limit.  For Illinois Low Protein 
(ILP), most of the phenotypic change occurred in the first 48 cycles of selection; in contrast, 
Illinois High Protein (IHP) had a greater increase in protein in cycles 49-100 than in the first 48 
(Dudley and Lambert, 2004). 
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After more than 115 cycles of selection, the high protein and low protein lines are very different.  
IHP currently produces approximately 30% grain protein, predominantly in the form of a maize 
prolamine, zein.  ILP populations produce 4% protein on average; this is the apparent biological 
minimum for seed protein, since ILP no longer responds to selection and germination is poor.  
Changes in the physical characteristics of the kernels, ears, and plants were apparent after only 
ten cycles of selection (Smith 1908).  Whole-plant phenotypes differ between the high protein 
and low protein populations.  IHP exhibits decreased plant height, ear size, kernel size, and 
standability.  However, IHP has increased time to silking and tillering.  Conversely, the ILP 
population increased plant height, standability, ear size, and kernel size; ILP has decreased the 
amount of tillering.  IHP also has a higher root-to-shoot ratio than ILP (Lohaus, 1998).  These 
phenotypic changes also result in ILP plants that produce approximately twice the grain dry 
weight as IHP.  This is consistent with a trend for an inverse relationship between grain yield and 
protein percentage in the populations (Below et al., 2004), which was noted as early as cycle 10 
of selection (Smith, 1908).   
 
Nitrogen Response in the Long Term Selection Lines 
The Illinois Long Term Selection Experiment is a unique resource for maize because it is a 
source of genetic variation for N response, which is a trait for which few mutations have been 
found.  The inbred lines derived from the ILTSE provide extreme genetic variants that may 
behave like mutants and can be characterized in a similar manner. 
 
The divergent phenotypes between IHP and ILP plants have fundamental impacts on the nitrogen 
and carbon metabolism of the two genotypes.  IHP has a distinct phenotype where it has very 
high N uptake and relatively low N utilization efficiency.  Hoener and Turk (1938) demonstrated 
enhanced nitrate uptake and assimilation during vegetative growth of IHP compared to ILP.  
These authors noted IHP had greater capacity to accumulate amides, and suggested asparagine 
may accumulate to minimize potential toxicity from ammonia.  Nitrate reductase (NR) activity is 
threefold higher in IHP compared to ILP, and remains active during the night, allowing for 
increased uptake.  IHP does possess higher concentrations of amino acids throughout the plant 
(Lohaus et al., 1998), and specifically hyperaccumulates asparagine.  Asparagine concentrations 
are 13 times higher in IHP than ILP xylem, reflecting differenced in both N metabolism and 
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transport.  Likely as a response to its N uptake phenotype and hyperaccumulation of asparagine, 
IHP has a discordant carbon to nitrogen ratio, where carbon skeletons are utilized by the N 
assimilation process and are unavailable for photosynthetic processes.  IHP shuttles carbon away 
from malate and the TCA cycle to asparagine, making it poor at C-metabolism (Wyss et al., 
1991).  Church (2008) documented that the IHP1 inbred line was less responsive to N treatment s 
than the B73 inbred for photosynthesis, intracellular CO2, chlorophyll content, and 
photosynthetic enzyme gene expression.  These observations suggest that IHP is unable to 
program the proper increase in photosynthesis in response to N that would lead to improved 
yield.  Moreover, IHP has a low harvest index, indicating that the photosynthates it does produce 
do not get shuttled into the grain (Uribelarrea et al., 2006), with a greater proportion of the 
biomass allocated to the roots to facilitate additional N uptake (Lohaus et al., 1998).  The high 
seed protein phenotype is a result of high plant N which leads to increased protein synthesis, but 
not an inhibition of starch production, (Uribelarrea et al., 2004) instead plant assimilate supply 
controls starch and protein accumulation rather than synthesis in the grain (Reggiani et al., 
1985). 
 
IHP and ILP have approximately the same NUE, which is achieved by changing different NUE 
component traits (Uribelarrea et al., 2006).  However, ILP displays excellent C-metabolism and 
is able to reallocate photosynthate to the grain (Wyss et al., 1991).  ILP is effective at generating 
biomass irrespective of N concentration; however kernel dry weight is highly responsive to N 
supply (Uribelarrea et al., 2006; Wyss et al., 1991).  The higher levels of sugars generated at 
higher N concentrations are partitioned to the grain rather than to accumulate additional 
vegetative biomass.  Even at high N concentrations, ILP does not increase grain protein 
concentration, indicating that ILP is sink-limited (Uribelarrea et al., 2004). 
 
Role of Asparagine in ILTSE 
Asparagine (Asn) is an important N storage and transport molecule in plants due to its high N:C 
ratio and stability.   Asn also is a signaling molecule for plant N status, (Seebauer et al., 2004)   
and Asn concentrations account for many of the differences in free amino acids in the ILTSE 
(Lohaus et al., 1998).  Allele frequencies for AS and ASNase, the two genes involved in the 
synthesis and catabolism of asparagine, have diverged over the course of selection such that 
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alleles for these two genes are fixed and differ between IHP and ILP.  Differences between the 
alleles were fixed by cycle 65, except for AS in ILP, which has continued to diverge to cycle 100 
(Lucas, 2014).  Associated with the different alleles are changes in gene expression; IHP has lost 
circadian control of AS and is a knockout mutant for ASNase (Church, 2008).  Differences in the 
promoter regions of these genes are hypothesized to cause the expression phenotypes and 
contribute to the observed changes in asparagine accumulation and seed protein concentration.   
 
ILTSE as a Unique Genetic Resource 
A striking amount of variability still exists in the populations after 100 cycles of recurrent 
selection.  Early studies using RFLP markers showed the populations had higher levels of 
heterozygosity than expected; however despite breeding efforts, there were signs of progressive 
inbreeding present (Mikkilineni and Rocheford, 2004).  This high level of variability can be 
explained in several ways.  Traditional quantitative genetics would espouse the Fisher’s 
infinitesimal model where many genes with very small effects contribute to the phenotype and 
variation among the many loci would be large (Fisher, 1930).  Over the course of selection, new 
mutations could arise and generate new alleles which respond to selection and the fixation of 
new alleles could account for the rapid phenotypic response in the reverse high protein 
population; however, the amount of allelic diversity in the selection lines cannot be accounted 
for by mutation alone.  The alleles may interact by balancing selection whereby overdominance 
retains heterozygosity.  Canalization likely contributed to continued response to selection in later 
generations since changing the genetic background would have allowed new alleles to impact 
phenotype after other alleles became fixed; alleles that were initially neutral became 
advantageous or disadvantageous in later selection cycles (Waddington, 1942).  Finally, 
epigenetic variation may have impacted response to selection through maternal inheritance of 
grain protein concentration and imprinting and dosage effects on zein expression (Lucas et al., 
2012). 
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Goals of this Dissertation and Hypotheses 
The overall goal for this project is to identify regulators of nitrogen response in maize through a 
transcriptomic, genomic, and functional genetic approach.  The first objective is described in 
chapter 2 and aims to characterize N response over the course of development of the B73 inbred 
line, with an emphasis on describing relationships between gene expression programs in both 
vegetative source and reproductive sink tissues after anthesis.  With that data, gene expression 
“hubs” were identified between N metabolism and photosynthesis.  Chapter 3 summarizes 
experiments where a reverse-genetics approach was employed to understand the regulation of N 
metabolism by transcription factors in response to plant development and available soil nitrogen.  
Mutant lines were characterized for 8 candidate regulatory genes. Phenotyping efforts 
characterized plant height, free amino acid concentrations, stalk lodging, kernel number and 
weight, grain protein, starch and oil concentrations as well as yield.  Two mutants were further 
characterized using RNAseq to identify genes which change in response to loss of the 
transcription factor.  In chapter 4, I identified alleles in the nitrogen network which changed in 
response to selection in the ILTSE.  This will utilize the ILTSE to uncover additional sources of 
variation in N metabolism and regulation to identify candidate genes.  Expression differences 
between IHP and ILP were characterized and then linked to allelic shifts in the ILTSE cycle 
populations.  Finally, in chapter 5 I describe a validation experiment for two candidate alleles 
identified in the ILTSE.  Asparagine cycling genes have been shown to have a role in NUE in 
Arabidopsis and previous experiments in maize.  The Illinois High Protein (IHP) and Illinois 
Low Protein (ILP) inbred strains developed from the ILTSE differ in their response to nitrogen 
and expression of asparagine cycling genes.  This experiment aimed to elucidate the role of 
asparagine cycling alleles in N utilization using near isogenic lines where both asparagine 
synthesis and turnover have been modulated in the IHP and ILP backgrounds.  Overall, these 
four objectives will identify and test candidate regulatory genes for nitrogen metabolism in 
maize. 
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CHAPTER 2: EXPRESSION RESPONSE IN B73 AND NETWORK ANALYSIS 
 
Abstract 
Nitrogen (N) is a key limiting plant nutrient, and its availability is expected to have significant 
impacts on the expression of genes that function in nitrogen metabolism and growth responses to 
N. Although a key target for improving maize yield response to nitrogen, relatively little is 
known about the gene regulatory systems that modulate N remobilization. By gene expression 
profiling, N remobilization can be explored as the plant senesces and moves nutrients from the 
leaf to the developing ear and seeds. Classes of genes that show coordinated transcriptional 
responses across different tissues and developmental stages may indicate key control points in N 
cycling between source and sink tissues. Of particular interest are the 110 genes which 
responded to N in opposite directions between the leaf and ear tissue at the same developmental 
time point. In addition, a curated set of genes known to function in N metabolism were used to 
validate expected expression patterns and identify the specific N responses within these 
pathways. In total 10,847 of the 29,933 expressed genes were differentially expressed in 
response to N in at least one tissue; in any one sample between 3% and 10% of the reads were 
differentially expressed. Our analysis shows the N response is context dependent; N-
responsiveness cannot be evaluated globally or by taking a snapshot of expression data as 
previous studies have done. The developmental context informs the N response and should be 
considered in future breeding for improved N remobilization efficiency. By identifying genes 
that are tipping points to balancing the nitrogen system in the correct developmental context, we 
may fine-tune their regulation as a strategy for improving N remobilization. 
 
Introduction 
The world population is expected to reach 9 billion by 2050, resulting in a need for 70-100% 
more food production over the next 40 years (FAO, 2015).  Increased use of fertilizer nitrogen 
(N) increased plant yields, but had negative impacts due to high input costs and environmental 
damages (Tilman et al., 2002).  Going forward, an important goal for agriculture will be to 
increase crop yields with fewer inputs from nitrogen fertilizer.  Sustainable intensification of 
maize production can be aided by improvements in nitrogen use efficiency (NUE).  Highly 
nitrogen use efficient plants can maintain or increase yields with current or decreased levels of 
fertilization, resulting in less runoff and waste. Improved NUE can be applied not only in 
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intensely managed farming systems, but also in developing countries where soils are nutrient-
poor and food security is an issue.   
Breeding for NUE has been difficult as it is a complex, multigenic trait.  N metabolism genes 
have been well characterized in plants (reviewed in Coruzzi, 2003) and maize in particular (Hirel 
et al., 2001; Li et al., 1993; Martin et al., 2006; Masclaux et al., 2001; Miflin and Habash, 2002).  
N-responsive genes have been studied in Arabidopsis mutants to determine which genes are 
responsive directly to nitrate and which are responsive to plant N status (Wang et al., 2004; Yi-
Bo et al., 2010).  Single gene transgenic interventions have been able to make some 
improvements to NUE component traits in various model and crop plants.  Overexpression of 
asparagine synthetase or glutamine dehydrogenase have increased biomass and amino acid 
concentrations (Good and Beatty, 2011).  Modulation of transporter genes have also increased 
plant biomass, seed yield, sugar content, and/or amino acid concentration (Schofield et al., 2009; 
Bi et al., 2009; Rolletschek et al., 2005; Peng et al., 2014).  Modifications to cytokinin genes 
have improved biomass by increasing local cytokinin concentrations and increasing the number 
of cell divisions in the inflorescence tissues (Ashikari et al., 2005; Takeda and Matsuoka, 2008). 
Relatively few studies focus on the characterization of the N-responsive transcriptome in maize; 
moreover, these studies have been limited by the technology available and were limited to a 
small set of genes.  Amiour et al. (2012) found maize is more responsive to external N during 
vegetative growth when the plant was actively involved in N uptake.  Transcriptome profiling 
using microarrays revealed 150 differentially expressed genes at the V10 growth stage and 51 
differentially expressed at maturity, with nearly equal frequencies of upregulated and 
downregulated genes during long-term N-deficiency.  The majority of plant response was from 
genes involved in carbon (C) or nitrogen metabolism.  Similarly, Schluter et al. (2012) found that 
N limitation led to decreased expression of genes involved in C and N metabolism, C 
assimilation, the oxidative pentose phosphate pathway and amino acid synthesis in particular.  
Maize plants under low N stress also decreased expression of sucrose synthesis and transport, but 
increased starch synthesis pathway genes, leading to accumulation of starch.   
 
Biological tradeoffs within the plant place natural constraints on maize N response.  Carbon 
metabolism and nitrogen metabolism are reliant upon each other: N metabolism requires carbon 
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backbones from carbon fixation, while the enzymes responsible for photosynthesis and carbon 
fixation are a major N sink in the maize plant.  Moreover, interactions between N and C status 
can affect both processes.  Under low N conditions, carbon metabolism decreases and starch 
concentrations increase.  When sugar concentrations are abundant, photosynthesis decreases in 
response, and after flowering high sugar concentrations can induce senescence.  The plant’s 
initial response to senescence is the breakdown of the photosynthetic machinery and 
chloroplasts, which serve as a source of N for the developing ear.   
 
An additional tradeoff occurs around senescence.  To maximize yield, the source leaves should 
remain active for as long as possible, then quickly remobilize the proteins from the leaves late in 
development.  Early in development, a high yield potential will increase the demand in the ear; 
this will require more N uptake later in development to support the increased growth.  A plant 
that can maintain N uptake late into grain fill will subsequently delay remobilization until the 
R3-R6 growth stages, potentially too late in reproductive development to remobilize its sugars 
and proteins. If a plant exhibits both delayed senescence and rapid, late remobilization of N, it 
could optimize this tradeoff (Ciampitti and Vyn, 2013).  Unfortunately, Pan (1986) showed a 
tradeoff exists between high N remobilization and low late-season N uptake, providing an 
additional barrier to the ideotype of N response during grain fill.  Most existing high yielding 
maize varieties exhibit low levels of reproductive phase N uptake, relying predominantly on 
remobilized N to support sink growth.  Low yielding germplasm averages twice the late N 
uptake compared to remobilized N in those plants, again suggesting a tradeoff between N uptake 
and N remobilization in the maize plant (Ciampitti and Vyn, 2013). Moreover, some studies 
show that the growth rate closest to flowering is most important for final plant yield (Gambin et 
al., 2006), demonstrating the importance of maintaining a high rate of N uptake through anthesis 
to support this growth.  Additionally, most N uptake late in development goes directly to the ear, 
rather than going into the leaf to support carbon assimilation (Subedi and Ma, 2004). 
 
Ultimately, a suite of different developmental, physiological, and molecular processes control the 
plant response to nitrogen and in a manner that is context dependent.   Sink tissues face a 
different set of challenges and needs compared to source tissues (Gifford et al., 2008; Krapp et 
al., 2011), and gene expression changes in response to stress may be organ-specific (Aceituno et 
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al., 2008).  However, the nutrient supply available to the sink tissues is closely reliant on 
processes occurring in source tissues.  At different times in development, the plant will have 
different needs for nitrogen and will focus metabolism on different aspects of growth.  While the 
genetic response to N is expected to be different over the lifecycle of the plant, no molecular 
survey has identified which genes are involved in both source and sink tissues at each distinctive 
developmental time-point.  Garnett et al. (2013) grew the rapid-maturing maize genotype Gaspé 
Flint in a growth chamber hydroponics system and showed that N uptake capacity varies over the 
course of the maize lifecycle and corresponds to plant N demand required for growth and 
development.  They showed the NRT family of nitrate transporter genes also responds to 
changes in plant N demand, but did not survey other genes.  Moreover, genes identified in 
growth chamber or hydroponics experiments may or may not translate to maize plants grown in 
the field.  In this experiment, field-grown B73 maize inbreds were surveyed for their response to 
N across development.  The use of the inbred cultivar B73 is also important because of its use as 
the maize reference genome; insights into transcriptional changes will be more genetically 
tractable (Schnable et al., 2009).  Compared to prior studies, this experiment will improve our 
understanding of maize responses to N by focusing on the impact of the developmental timing of 
the N response and can glean insight on the coordination of N response in leaf and ear tissues 
during N remobilization.  
 
Methods 
Plant Material 
Maize (Zea mays, genotype B73) plants were grown in the field at the Department of Crop 
Sciences Research and Education Center in Champaign, Illinois between May and September 
2009 on plots that have previously been shown to be responsive to N fertilizer (Uribelarrea 2004; 
Uribelarrea 2006).  The soil type is a Drummer silty clay loam, pH 6.2.  Plants were grown in a 
split-plot design where individuals in each main plot (6 rows 17.5 feet long, 76cm row spacing) 
were paired in adjacent rows of that received either 150kg/Ha fertilizer N or no exogenous 
applied N.  Plots were planted to a final density of 49,000 plants per hectare.  Fertilizer N was 
applied as granular ammonium sulfate when the plants were at the V4 growth stage.  Plots were 
maintained weed freed by a pre-plant application of herbicide (atrazine + metalochlor), followed 
by hand weeding as needed. 
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Leaf tissue was taken from two inches from the base of leaf 13, which is the leaf subtending the 
top ear.  Leaves were sampled from three replicate plants at each of the V8, V10, V12 vegetative 
stages, anthesis, and continuing every eight days until 24 days after pollination (dap).  Beginning 
at anthesis and at 8dap, the entire earshoot was also sampled from the same plants from which 
leaves were taken.  At 16dap and 24dap, whole seeds were isolated from ears of the same plants 
from which leaves were taken.  Samples were harvested between 09:00am and 11:00am, 
immediately frozen in liquid N and stored at -80°C. 
 
RNA preparation and Illumina sequencing 
RNA was extracted from frozen leaf tissue using Trizol (cat: 15596018, ThermoFisher) and from 
frozen ear tissues using Trizol LS Reagent (cat: 10296028, ThermoFisher).  Genomic DNA was 
removed using DNAse I (cat: M0303, New England Biolabs).  Equal amounts of RNA from each 
of three replicate samples for each tissue and N treatment combination were pooled, and 
RNAseq libraries were prepared using a TruSeq kit (cat: RS-122-2001, Illumina) according to 
the protocol provided.  Library quality was checked using a Bioanalyzer.  Individual libraries 
were indexed using the TruSeq barcodes, and six libraries were pooled in each of the seven lanes 
of the Illumina flow cell. Single-end, 100bp reads were generated using the Illumina Hi-Seq 
2000 at the Roy J Carver Biotechnology Center.   
 
Statistical Analysis  
Read Trimming, Quality Filtering, and Alignment to Maize Genome 
Raw sequencing reads were processed using Trimmomatic (Bolger et al., 2014) to trim adapters.  
Reads were also trimmed if the quality score fell below 15 in a sliding window of 4bp.  The 
minimum read length after trimming was 80bp.  A subsequent filter to remove rDNA 
contamination was done using TopHat2 (Kim et al., 2013).  Reads were then aligned to the 
maize genome (RefGen_v3; Schnable et al., 2009) using TopHat2 allowing a read to map to up 
to 10 locations and a minimum intron length of 25; the remaining parameters were set to default.  
Aligned reads were summarized by FeatureCounts (Liao et al., 2013) using exon and gene 
annotations from the maize gtf for RefGen_v3.  FeatureCounts discards reads which do not map 
uniquely in the genome. 
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Read Normalization and Differential Gene Expression 
Raw read counts were normalized using trimmed M means (TMM) normalization in edgeR to 
account for abundant, tissue-specific genes (McCarthy et al., 2012).  Differential expression was 
called between high and low N treatments within a tissue and developmental time point.  A gene 
was considered differentially expressed if the fold change between N levels was greater than 
two, and the absolute difference in counts per million was also greater than ten. 
Principal Component Analysis was performed using prcomp in the base package of R on the 
TMM normalized reads, and the three-dimensional PCA plot was generated using the package 
pca3d. 
 
Annotation 
Genes were annotated using Phytozome ver.10 annotations including Arabidopsis and rice 
orthologs (Goodstein et al., 2012).  Annotations from MaizeCyc were also considered, as were 
protein BLAST hits.  Gene Ontology annotation was performed using AgriGO with the default 
parameters (Zhou et al., 2010).  Differentially expressed genes between N levels for each tissue 
at each developmental time were analyzed for enriched GO terms using singular enrichment 
analysis.  The genes were compared to the GO reference list for Zea mays spp for maize genome 
loci from maizesequence.org.  Significantly enriched terms were identified using a Fisher 
statistical method, Yekutieli (FDR under dependency) multiple test correction, a significance 
threshold of 0.05, and minimum of five genes mapping to each GO annotation.  Genes were 
annotated using the Complete GO annotation list. 
 
Tissue Specific Response 
Genes which responded to nitrogen in a different direction in the leaf and ear tissue were 
discovered.  First, genes which had a robust pattern of N response were found for each tissue 
type.  To be considered robust, the gene must have shown a response to N in the same direction 
within a other tissues of the same type (leaf or ear).  Genes must also have been differentially 
expressed above the two-fold threshold and greater than 10 cpm absolute difference for at least 
one time point.  Genes that exhibited a robust trend of N-responsiveness were then compared 
between tissues to see which genes were upregulated in the leaf but downregulated in the ear or 
vice versa. 
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Pearson Correlation and Network Building 
Gene expression networks were built using the pairwise Pearson correlation coefficient between 
genes. 27,725 genes were used for pairwise comparison.  To be included, a minimum of 10 cpm 
total expression must have been observed across all samples.  A gene must also have been 
expressed in at least half of the samples of at least one tissue type (leaf or ear), to avoid 
generating spurious connections between genes that were low expressed and artificially strong 
connections between genes which were expressed at a single time and tissue. 
Networks were constructed using the correlation values for genes that had a positive pairwise 
correlation value greater than 0.9. 
 
Quantitative Real-Time PCR (qRT-PCR) Analysis 
Gene expression values determined by RNAseq were confirmed using qPCR for a set of nitrogen 
related genes.  First, cDNA first-strand synthesis was performed using Invitrogen SuperScript III 
(18080-051). SYBR Select Master Mix (Applied Biosystems, 4472908) was used for qPCR. 
20uL reactions were used for all samples, and samples were run on an MJ Research Opticon 2. 
All samples used GAPDH as the housekeeping gene to control for differences in RNA 
concentration. 
 
Results 
Characterization of N Deficit Response 
Maize inbred B73 was grown in an N-responsive field site in 2009.  Nitrogen limiting was 
defined as no supplemental ammonia applied to the field site, while the high N treatment had 
150kg/Ha applied N as ammonium sulfate. A clear effect of the N treatment was visible in the 
field at anthesis as a yellowing of the leaf canopy in the low N compared to high N plots (Figure 
2.1A), which was estimated as a 40% reduction in chlorophyll content using a SPAD-502 
handheld chlorophyll meter (Figure 2.1C; Spectrum Technologies).   
 
The phenotypic impacts of the N treatments were also documented by measuring plant biomass 
and nitrogen concentration for the entire above ground plant (stalk and leaves) at anthesis (R1) 
and at maturity (R6, also includes cob and grain), At anthesis, high nitrogen increased vegetative 
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plant biomass two-fold.  In addition, nitrogen concentration was higher in replete N soils.  The 
trend held for plants at maturity, with high N treated plants amassing twice the biomass and three 
times the nitrogen concentration of the low N plants.  Like with vegetative traits, the grain yield 
component traits were larger in the high N plots.  Kernel weight increased two-fold between the 
low N and high N plots, as did cob weight and total ear weight (Figure 2.1D).  Higher nitrogen 
content and rates of photosynthesis combined to generate increased vegetative and reproductive 
biomass.  However, as seen in older studies (Moll et al., 1982), the nitrogen utilization efficiency 
(measured as grams grain or grams total biomass divided by grams of N in the plant) of the plots 
was much higher under low N (Figure 2.1E).  The increase in both biomass and yield in the high 
N plots was strongly outweighed by the lower N input on the N deficient plots. 
 
The rate of senescence between the low N and high N treatments was also measured.  The 
number of senescent leaves were counted beginning at V10 and continuing until 15 days after 
pollination (Figure 2.1F).  The rate of senescence was approximately the same for both N 
treatments during vegetative growth.  After anthesis, the low N plots showed increased numbers 
of senescent leaves compared to high N; by 15 days after pollination, the low N plants had on 
average two additional senesced leaves compared to the equally aged plants in high N 
treatments. 
 
Plants were sampled across the life cycle of the maize plant for leaf and ear tissues under N 
replete and N limiting field conditions (Figure 2.1B; Methods).  The leaf subtending the top 
earshoot was sampled throughout the maize plant life cycle beginning at V8.  At the V8 
developmental stage, the eighth leaf was fully expanded, and the ear leaf was still in the whorl 
and not yet green.  Sampling continued at V10, when the leaf was also non-photosynthetic and in 
the whorl.  By the V12 growth stage, the ear leaf was nearly out of the whorl, and the tip was 
photosynthetic.  Additional samples were taken during reproductive maize growth beginning at 
anthesis.  Paired ear leaf and earshoot samples were taken at 0 days after pollination (dap) and 8 
dap.  Paired ear leaf and isolated seeds were taken at 16 and 24 dap.  Twenty-two total samples 
were collected from seven developmental time points. Each individual sample was comprised of 
three biological replicates, and the pooled replicates were used to generate RNAseq libraries. 
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RNA Sequencing Reads 
To profile global changes in the transcriptome in response to N limitation, RNAseq was 
performed on twenty-two samples.  An average of 30 million reads per library (13-59 million 
reads) was generated.  On average, 17% of reads were removed during filtering; resulting in an 
average of 24.8 million reads (11.9-51.1 million reads) aligned to the B73 reference genome 
(RefGen_v3, Schnable et al., 2009), of which 86-96% successfully mapped.   Typically, 5-7% of 
reads exhibited multiple alignments, although three samples showed higher proportions of 
multiple alignments.  In the 8 days after pollination (dap) leaf, low N sample 21.9% of 
transcripts aligned to multiple locations in the genome.  The 16 and 24 dap seeds at both N levels 
also showed higher proportions of reads aligning to multiple locations (Table 2.1).    
 
Raw read counts were normalized using trimmed M-means in EdgeR (McCarthy et al., 2012).  
The trimmed M-means method (TMM) is able to account for differences in libraries due to 
abundant transcripts, and allow for the abundant transcript to be library-specific.  The leaf tissues 
were expected to have abundant expression of photosynthesis related genes, while the earshoot 
and seed tissues would have high quantities of seed storage proteins including zeins and starch or 
oil synthesis genes. 
 
For individual libraries, 29,933 genes were expressed at ≥ 1 count per million (cpm) in at least 
one library, while only 13,841 genes were expressed at ≥ 1 cpm in all 22 libraries.  For each 
library, an average of approximately 22,000 reads were present at >1 cpm, and 16,000 >5 cpm.  
Mean expression values ranged from 21 – 39 cpm among the libraries, except for the 16dap and 
24dap seeds where mean expression values jumped to 74-93 cpm, likely reflecting abundant 
expression for storage product genes. 
 
Principal Component Analysis 
To see the primary components of variation and determine the contribution of nitrogen to the 
global gene expression variation, the normalized libraries were clustered using principal 
component analysis (PCA).  The PCA revealed a strong grouping of libraries based on tissue 
(Figure 2.2A).  PC1, separating the leaf and ear tissues, accounted for 48.3% of the variation, and 
also separated libraries based on sink strength.  The strongest sink tissues such as seeds were 
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separated from the source tissues including expanded leaf tissues.  In the ear tissues, samples 
clustered strongly by developmental time with the 0dap and 8 dap earshoots clustered separately 
from the seed tissues sampled during grain fill samples at 16 and 24 dap.  The leaf samples 
showed a less distinctive developmental separation; however, the developing leaf samples at V8 
and V10 separated strongly from the fully expanded leaf tissues from V12 to 24 dap.  The V8 
and V10 tissues were leaves emerging from the whorl and behaved more like a sink tissue within 
this dataset.  No principal component separated samples by N response, therefore interpretation 
of the plant response to N should consider context from the tissue and developmental conditions. 
 
Another way to interpret the principal components analysis is to use a biplot.  The biplot can help 
identify genes which have a large effect on the eigenvectors for the tissue samples.  A biplot of 
the transcriptional profiles of the genes showed the expression patterns of three genes were able 
to separate the mature leaf samples from the other tissues (Figure 2.2B).  The genes 
(GRMZM2G306345, GRMZM2G083841, and AC207722.2_FG009) encode photosynthesis 
genes: pyruvate, orthophosphate dikinase1; phosphoenolpyruvate carboxylase1, and light 
harvesting chlorophyll a/b binding protein2.  Four genes set the trajectory for the 16dap and 
24dap seed tissues, and separated those four samples from the biologically similar earshoot 
tissues.  These genes each encode seed storage proteins: zp15, a 15kDa zein protein; oleosin1; a 
16kDa beta zein; and zp27, a 27kDa zein protein (GRMZM2G086294, GRMZM2G337229, 
GRMZM2G060429, and GRMZM2G138727).  The two sets of genes were consistent with the 
type of processes that are distinctive in the mature leaf and seed tissues. 
 
Differential Gene Expression 
Normalized reads were filtered further to determine differential gene expression.  To be 
considered differentially expressed a gene must have been expressed at greater than one TMM 
normalized count per million in either the low N or high N treatment, have at least a two-fold 
change in expression, and the absolute difference between the N treatments must have been 
greater than ten. 
 
The 24 days after pollination seed samples were excluded from further analysis.  The low N and 
high N treatments differed in expression by more than a two-fold change for 35.8% of all genes.  
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Moreover, the distribution of the fold changes did not follow a normal distribution as seen for the 
other time points.  These differences may be accounted for by a difference in developmental 
progression between the low N and high N plants.  Under low N stress, maize plants begin to 
senesce sooner, and this difference in development may confound the analysis for differential 
expression due to specifically nitrogen (Young and Gallie, 2000; Figure 2.1F). 
 
Nitrogen response varied tremendously between tissues and was rarely consistent across 
developmental time, indicating that N response is a dynamic process.  In total, 5,585 of the 
29,933 expressed genes (18.7%) were differentially expressed in at least one tissue-time: 2,635 
genes were upregulated in response to low N, while 2,391 genes were downregulated, and 559 
genes were differentially expressed in different directions depending on the sample.  In any one 
sample, between 323 and 1,984 genes were considered differentially expressed (Table 2.2).  
 
Functional Annotation of Differentially Expressed Transcripts 
Gene Onotology (GO) categorizations were determined using AgriGO (Zhou et al., 2010) using 
the default parameters, and related GO terms were collapsed using REVIGO using parameters 
for a “small” network with a 0.5 degree of similarity (Supek et al., 2011). Although the suite of 
genes which were differentially expressed differed between tissues, the types of biological 
processes affected were fairly similar.  Cellular nitrogen compound metabolic process was the 
most common enriched GO term for genes upregulated under low N stress, found in 5 of the 10 
sampled tissues.  Photosynthesis, DNA replication, transcription, aromatic amino acid 
metabolism, and cellular carbohydrate metabolism were also found in multiple samples to show 
enrichment for genes whose expression was higher with low N.  Under high N, carbohydrate 
metabolism was enriched in all of the mature leaf samples and the 0 and 8 dap earshoot samples.  
As with low N, cellular nitrogen metabolism and cellular carbohydrate metabolism were 
enriched in multiple tissues.  High N upregulated genes were also enriched for response to 
stimuli including temperature, lipid metabolism, response to oxidative stress and lipid transport 
(Table 2.3).  In the full functional annotation list, most (84/117) GO annotations were enriched in 
only one sample.  Each of these GO terms are known to be important components of nitrogen 
metabolism. 
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Differential Expression of N-Metabolism Genes 
Among these groups of enriched GO terms are high confidence markers for nitrogen metabolism.  
These genes were grouped into eleven categories based on gene function, and their N response 
was described (Figure 2.3).  The first set, at the top of the heatmap represented genes involved in 
the initial response to nitrogen and included nitrogen transporters, nitrate reductase, nitrite 
reductase, and GOGAT.  The expression of these genes generally responded to N by increasing 
in expression with increased N.  The pattern was particularly strong in photosynthetic leaves.  
The pattern did not hold in reproductive tissues, however, where these genes were not N-
responsive.  The next set were genes involved in glutamine synthesis, which make nitrogen 
available for metabolism in the plant.  These genes did not share the strong upregulation under 
high N pattern that the transporters and nitrate assimilation genes showed.  Rather, these genes 
tended to slightly increase in expression under low N, and did so across all tissues types sampled.   
 
Aminotransferase genes were distinctly split in their nitrogen responses.  The nitrogen 
responsiveness was not grouped by function, in fact gene families diverged in N-responsiveness 
within this group.  Within gene families, some subfunctionalization probably occurred, and the 
maize N response was optimized by using different homologs in different tissues or at different 
developmental times.  Half of the genes were not N-responsive, while the other half were 
upregulated at low N in developing leaves, and upregulated at high N in photosynthetic leaves 
and earshoots.  These aminotransferase genes seem to increase in expression when there is 
replete N and metabolic activity is supported.  Elevating the expression of these genes under low 
N conditions could potentially generate more biomass and photosynthetic activity. 
 
The strongest nitrogen response pattern was seen among the asparagine cycling genes.  Two 
asparagine synthetase genes were strongly upregulated under high N, particularly in 
photosynthetic leaves.  In contrast, asparaginase was consistently upregulated under low N 
across all tissues.  Thus, when the plant had replete N, the additional nitrogen was shunted to 
asparagine by asparagine synthetase; however, when N levels were low, any nitrogen stored as 
asparagine was deamidated into metabolically active forms. 
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Five genes were annotated as ferredoxins.  These genes responded in a similar pattern as the 
nitrogen responsive aminotransferases, with low N-responsiveness in developing leaves but 
increased expression under high N in mature tissues.  Some ferredoxin family members play a 
key role in photosynthesis, while others are vital for mitochondrial redox reactions.  Despite the 
different roles within the plant, the nitrogen response of this family is rather consistent.  
However, there was one exceptional member that showed upregulation under high N in all 
photosynthetic leaves.  This gene was not annotated as specifically involved in photosynthesis, 
but its expression pattern may implicate it in that role. 
 
A large group of genes were annotated as photosynthesis-related genes. These genes modulated 
their N response over developmental time.  Like many other genes, the photosynthetic genes 
were upregulated under low N in the young leaves.  The genes also increased in expression in 
photosynthetic leaves at and shortly after anthesis.  However, as the leaves matured past anthesis, 
these genes became less N-responsive.  Some photosynthetic genes also responded positively to 
N in earshoot tissues; however, the nitrogen responsiveness in those tissues may have been an 
artifact of leaky transcription rather than a reflection of their activity.  Citrate synthase and 
isocitrate dehydrogenase, which act in the TCA cycle, showed a muted N response in 
comparison to the genes involved in primary carbon assimilation.   
 
Genes that link the primary products of N assimilation with the synthesis of other amino acids 
and other pathways of primary metabolism had an array of nitrogen response patterns.  This 
reflects their varied roles within the plant.  The next set of genes were phenylalanine ammonia 
lyase (PAL) genes, which are a key branch point from amino acids to formation of cell walls and 
secondary metabolism.  These genes were slightly N-responsive.  Although the pattern of N-
responsiveness varied across time and tissues, all members of the gene family were consistent in 
N response.  The next set of genes, starch synthesis genes, were not very nitrogen responsive in 
leaves, but showed strong upregulation in high N in the seeds.  Finally, and surprisingly, peptide 
transporters showed very little N response across the entire gene family. 
 
Overall, some patterns could be observed in the nitrogen response of these genes in different 
tissues during development.  In the developing leaf, a sink tissue, many were upregulated in 
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response to low N stress.  By 0-8 days after pollination, the leaf tissues were undergoing a shift 
in N response to downregulate these genes under low N. During this stage of development, leaf 
tissues move photosynthate and N to the developing ear. The developing earshoot tissues showed 
an N response similar to the early leaf tissue, representative of a sink tissue. 
 
The nitrogen response of asparaginase (GRMZM2G082032), asparagine synthetase 3 
(GRMZMW2G053669), and aspartate aminotransferase (GRMZM5G836910) were quantified 
using qPCR across the developmental series.  The nitrogen response pattern found in RNAseq 
(Figure 2.3B, points) and qPCR (Figure 2.3B, bars) confirmed the two methods were consistent.  
The general trends were conserved between the two methods.  One discrepancy was observed for 
asparagine synthetase 3 for the 8dap leaf; the RNAseq showed a strong downregulation in low N, 
while the qPCR showed a strong upregulation.  However, the gene expression patterns were 
predominantly confirmed: asparaginase was consistently upregulated by low N stress, asparagine 
synthetase 3 was strongly downregulated by low N in the leaf, and aspartate aminotransferase 
was largely unresponsive to N (Figure 2.3B).   
 
Biomarkers for N Status 
A previous paper found 113 genes to be robust markers for plant N status in root or leaf tissue 
and irrespective of genotype among the nested association mapping panel (Yang et al., 2011; 
McMullen et al., 2009).  Of the 113 biomarker genes, 83 were downregulated under low N 
stress, and 30 were upregulated.  The expression pattern of these biomarker genes was compared 
with this B73 developmental profile.  The biomarkers showed a consistent response to N in the 
libraries of mature, fully expanded leaf tissues (Figure 2.4), which is the primary tissue used to 
define and validate them.  For those biomarkers which were downregulated in response to low N 
in the Yang paper, 53/83 were also downregulated under low N in this data.  For two individual 
biomarker genes the N response was variable, being upregulated in response to low N at 8dap, 
but downregulated at 0 and 16dap and unresponsive at 24dap.  One additional biomarker was 
upregulated in response to low N at 8dap despite being responsive to high N in the Yang set.  
Among the upregulated biomarkers, half were also found to be upregulated in our data from 
mature leaves.  Three of the genes were downregulated under low N stress, and the remaining 
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twelve were not differentially expressed.  The biomarker genes were more likely than other 
differentially expressed genes to be N-responsive for more than one tissue-time.   
 
Robust N Response 
Genes were also categorized as robustly upregulated or downregulated in response to N stress.  
To be categorized as N-responsive for a particular tissue type, the gene must have responded in 
either the same direction or be neutral to N treatment in all measured time points.  In the 
developing leaf, 820 genes were differentially expressed robustly, with 482 genes upregulated by 
low N and 338 downregulated.  Only 45 genes decreased in expression with low N during V8 
with neutral or decreased expression continuing to V10.  In the source leaf, 2,528 genes showed 
a consistent response to N: 1,513 genes were upregulated in response to N stress, while 1,015 
genes were consistently downregulated.  In the ear tissues, 1,542 genes were consistently N-
responsive: 819 were upregulated and 823 were downregulated.  Between tissues, few robustly 
differentially expressed genes were shared.  Eight genes were upregulated in low N across the 
three tissue types (Figure 2.2D), while only four genes were downregulated by low N in all three 
tissues (Figure 2.2E).   A few genes were robust to both direction of N response and the tissue 
where N response occurred.  These genes were robustly N-responsive in the same direction in the 
leaf and ear.  There were 143 of these genes: 100 were up in low N for both tissues, while 43 
were down in low N for both the leaf and the ear.  This subset of nitrogen responsive genes were 
good candidates for N response. 
 
Opposite Response to N in Different Tissues  
To understand the regulation of nitrogen response between source tissues and sink tissues, the N-
responsive transcriptome of the source leaf was compared with the earshoot and seed tissues.  
First genes were required to be robustly differentially expressed.  In total, 1,513 genes were 
upregulated in the leaf and 1,015 were downregulated.  In the ear, 719 genes were robustly 
upregulated and 823 were robustly downregulated. Genes with this robust gene expression 
pattern in the leaf and ear tissues were further analyzed for differences between the two tissues.  
The source leaf and ear differed in their response to N for 110 different genes.  81 genes were 
upregulated in the leaf in response to N stress, but downregulated in the ear.  29 genes showed 
the opposite pattern: downregulation in the leaf, but upregulation in the ear (Figure 2.5A).  Over 
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40 percent of genes which showed upregulation in the leaf and downregulation in the ear were 
differentially expressed due increased gene expression in the leaf under low N and increased 
expression in the ear in plants grown in high N, relative to the average expression across all 
samples. 
 
A gene network for the tissue specific response genes was built using Virtual Plant (Katari et al., 
2010).  The resulting network clustered into two clear groups (Figure 2.5B).  The first group was 
centered around four regulatory genes: 3 MYB genes and a bHLH gene.  This cluster was 
connected to nearly every enzymatic gene in this set.  MYB-4 and bHLH175 were slightly more 
peripheral to the cluster, being connected to the two central MYB genes, but not other enzymes.  
A second group was centered around cytokinin-o-glucosyltransferase as a hub in the network. 
This group was predominantly comprised of metabolites rather than enzymes.  
 
Nitrogen Responsive Transcription Factors 
Transcription factors are genes which may act as key regulatory points in nitrogen response.  
Burdo et al. (2013) defined the set of genes which were likely transcription factors in maize and 
grouped the genes into transcription factor families.  The set of differentially expressed genes 
was used to look for enrichment of specific classes of transcription factors compared to all 
annotated genes.  Each of the ARF, bHLH, bZip, C3H, EREB, HB, MYB, MYBR, NAC, 
WRKY, and ZIM families were found in higher proportions than expected in this set.  The large 
class of “orphan” transcription factors was also highly overrepresented in the N-responsive set 
(Figure 2.6).  No transcription factor class was underrepresented, so in general transcription 
factors were more N-responsive than average genes.  Transcription factors which are known to 
regulate nitrogen metabolism including bZip (Gutierrez et al., 2008) and dof (Yanagisawa, 2004) 
families were nitrogen responsive. 
 
High and Low N Gene Expression Networks 
An additional way to look at the nitrogen response in gene expression data is to build gene 
regulatory networks.  Pairwise co-expression networks were built for the high and low N 
libraries, respectively.  27,726 genes were used to build the gene networks.  Genes were 
excluded if the gene had a total expression lower than 10 counts per million or was not expressed 
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in at least half of the libraries for a particular tissue, broadly defined as the 14 developing and 
mature leaf tissues and 8 ear tissues.  The Pearson’s R coefficient was used to determine singe 
gene-by-gene coexpression within each N condition, using a cutoff of R2 >= 0.9.   
 
Using all tissues and times, the low N network contained 8,194,243 edges while the high N 
network was slightly larger with 9,051,862 edges for the same 27,726 nodes.  Nodes were 
connected to other nodes on average by 315 edges in the low N network and by 350 edges on 
average in the high N network (Table 2.6).  Both networks exhibited scale-free properties, as 
often seen in biological networks (Barabasi and Oltvai, 2004).  In a scale-free network, a few 
genes display high levels of connectivity and are considered “hubs,” while most genes display 
less connectivity.  Under low N, only 254 genes accounted for 10% of all edges in the network.  
Under high N, 255 genes were the most connected, using the same criteria.  162 of these genes 
were shared between the two N states.  Under both low N and high N, these hub genes showed a 
distinctive expression pattern of low expression in leaf and earshoot tissues, but abundant 
expression in developing seeds, beginning at 16 days after pollination.  A gene ontology 
enrichment analysis showed the shared hubs were involved in stress response pathways.  Hubs 
unique to the high N network were involved in protein metabolism and energy generation.  Hubs 
in only the low N network were nitrogen metabolism genes and macromolecule biosynthesis 
genes (Table 2.7).   
 
Split Gene Models 
Correlations generated using only expression data from the gene models will contain spurious, 
very strong associations caused by putatively misannotated split gene models.  Split gene models 
can be defined as two annotated genes located adjacent to each other in the genome that are one 
gene or splice variant (Figure 2.7A).  Some of these misannotations have been resolved using a 
phylogenetic approach (Vilella et al., 2009).  They can also be identified from rare junction RNA 
sequences which span the intron gap between the two genes.  A third way to identify these 
spurious annotations is to use large RNA expression datasets.  Genes which are co-transcribed 
will be identified by a high Pearson’s correlation, and with many independent observations from 
RNAseq libraries these split gene models can be confidently identified even in the absence of 
strong phylogenetic data and when junction sequence is not found. 
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In the B73 RefGen_v2 working gene set, 14,996 pairs of genes were adjacent in the genome, 
transcribed from the same strand with a resulting product smaller than 6.5kb and with a new 
intron smaller than 1.5kb.  Of the 14,996 pairs identified from structural characteristics, only 
1,755 gene pairs were both expressed.  Many genes in the working gene set were classified as 
pseudogenes and were not expressed.  The 1,755 gene pairs were tested for coexpression using 
the Pearson’s R coefficient.  In total, 220 genes were identified as putative split gene models 
using a threshold Pearson value of 0.9 (Figure 2.7D).  Of the 220 gene pairs, 44 pairs were both 
in the rejected set, 88 pairs contained one filtered gene and one rejected gene, and 88 pairs were 
found where both genes are in the filtered gene set.  Using a less stringent cutoff of R2 > 0.7, 452 
gene pairs were found to be putative split gene models.  In this dataset 76 gene pairs were both in 
the rejected set, 102 pairs contained one filtered gene and one rejected gene and 200 pairs were 
both filtered genes (Figure 2.7D).   
 
Fifteen putative split gene model pairs were chosen as a validation set.  Within the validation set 
two pairs were both in the rejected set, six pairs contained one filtered gene and one rejected 
gene and seven pairs where both genes are in the filtered gene set.  Primers were designed to 
span the new junction between the two original gene models.  cDNA was made from V8 leaf 
tissue and PCR was performed using the intron-junction spanning primers.  For twelve of the 
fifteen gene pairs, the expected product was generated (Figure 2.7C).  Correcting these split gene 
models is one good use of large expression datasets to annotate community maize resources. 
 
Validation of Gene Expression by qRT-PCR 
The gene expression patterns of thirteen nitrogen metabolism genes were tested using 
quantitative RT-PCR.  The qPCR results correlated with the RNAseq results for relative gene 
expression over developmental time as well as for direction of N response.  The gene expression 
over the course of development correlated with a Pearson’s coefficient of 0.81.  The log2 value 
of N response in qPCR and RNAseq correlated with an R2 of 0.7 (Figure 2.8).   
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Discussion 
Over the course of maize development, the response to nitrogen is dynamic.  At each phase of 
development, the plant has different goals for its growth, and in that context, will respond to both 
additional N and stress from low N according to the growth pattern. This experiment was 
designed to fill a gap in the literature for field-grown maize N response during development, 
with an emphasis on post-anthesis N response.   For a maize plant grown in the field, the 
available soil nitrogen is dynamic.  Nitrogen is a mobile nutrient, and the plant has 
developmental mechanisms to attempt to respond to field N levels.  The mechanism most 
modern cultivars use is to accumulate N during vegetative growth and then remobilize the N 
after anthesis, to support ear development and seed filling.  The nitrogen response of the maize 
plant should be documented in the context of the tissue type and developmental context of that 
tissue.  Nitrogen response can only be interpreted within those constraints; N response is not 
global with regard to the plant.  As such, it is not unexpected to see that the sets of differentially 
expressed genes in the tissues surveyed during this experiment differed.  Very few genes were 
differentially expressed in the same direction in multiple samples.  The genes which did have a 
consistent response to N are good candidates to intervene and change nitrogen use efficiency.   
 
Developmental Response 
Although robustly differentially expressed genes were clearly related to nitrogen metabolism and 
senescence, more often, gene expression changed over developmental time to match the 
physiological and metabolic needs of the plant.  The relative proportion of genes which 
responded through upregulation or downregulation in response to N also shifted over the course 
of development.  Development and tissue type were clear divisions in the data.  The samples 
form four tissue types with distinctive expression patterns, especially for N pathway genes: 
developing leaf (V8, V10, V12), mature leaf (0-24 DAP), earshoots, and developing seeds   
(Figure 2.3).  However, the N-responsive genes for the tissue types showed little overlap, 
indicating that N supply influences distinct regulatory programs and their outputs during 
different phases of maize development.  Importantly, although our experimental treatment might 
be expected to condition a greater cumulative N deficiency as plant development progressed 
(Table 2.2), each of the sampled tissues generated a similar number (300-800) of N-responsive 
genes, except for the 0 and 8 DAP leaf samples with at least 1400 N-responsive genes.   
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In light of the dynamic nature of N response, of particular interest are the genes that showed a 
robust response to N.  Genes that were robustly nitrogen responsive among multiple tissue types 
were rare, and were not comprised of genes with similar functions.  Robustly nitrogen responsive 
genes were readily identified within tissue types.  The genes identified by Yang et al. (2011) 
were consistently N-responsive for the four mature leaf samples in this data.  However, these 
biomarkers were rarely indicative of the nitrogen response for other tissues.  This comparison 
showed that the N response in tissues within an individual plant could be more dynamic than the 
N response across genotypes.  Starting with a similar approach and identifying genes that were 
nitrogen responsive at multiple times within the same tissue, several additional biomarkers were 
identified, including genes known to be involved in nitrogen metabolism.  Alanine 
aminotransferase 2 (GRMZM5G828630) was consistently at least twofold more abundant under 
high N in mature leaves.  The developing leaf and ear samples were not N-responsive for this 
gene.  Alanine aminotransferase plays a clear role in N metabolism, and transgenic interventions 
have been attempted using this gene to improve nitrogen use efficiency.  When placed under a 
root-specific, stress-inducible promoter, alanine aminotransferase the transgenic plant had 
increased nitrogen use efficiency (Good et al., 2007), indicating that modulating a gene typically 
induced by N to express at higher levels under low N can perhaps signal N sufficiency, and thus 
maintain growth under low N, gain biomass, and improve nitrogen use efficiency.   Asparaginase 
is a gene that was shown to have the opposite pattern; it was consistently upregulated in low N 
(Figure 2.3B).  Asparagine cycling is likely to play a large role in N status of the plant and there 
is evidence that asparagine concentration may be involved in signaling the N status to the sink 
ear (Seebauer et al., 2004; Hernandez-Sebastia et al., 2005; Pandurangan et al., 2012).  Many of 
the genes with a robust N response in mature leaves were senescence related, particularly among 
genes that are robustly upregulated under low N.  Among these were multiple ZIM proteins, 
including jasmonate-ZIM proteins which are involved in jasmonic acid signaling, which has 
recently been found to play a role in senescence (Balbi and Devoto, 2007; He et al., 2002).  
Annexin genes were also overrepresented, two of which were previously identified as nitrogen 
biomarkers (Yang et al., 2011).  Annexins are involved in vesicle secretion in plants (Blackbourn 
and Battey, 1993), and in animals annexins are a signal of apoptosis (Elmore, 2007).  These 
genes likely coordinate the constitutive low nitrogen response.  Finally, many transporters and 
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aminotransferases were also robustly N-responsive.  Their role was likely in export of proteins 
and sugars from senescing leaves.  Overall, consistent nitrogen response within tissues was 
found for genes involved in nitrogen metabolism and senescence.  
 
Developing Leaves 
During the first two months of plant growth, the maize plant interacts with nitrogen 
predominantly through a need for N uptake.  The general direction of gene expression change 
was different in developing leaves compared to mature leaves (Figure 2.3; Figure 2.4; Table 2.2).  
This was particularly interesting because most previous experiments on maize N response 
focused on the response of mature leaves and roots from juvenile plants, and did not examine 
either developing leaves or leaves from adult plants (Bi et al., 2014; Zamboni et al., 2014; Chen 
et al., 2015; Yu et al., 2015; He et al. 2016).  The developing leaf samples were also interesting 
because there was a progression of development along the length of the leaf (Li et al., 2010).  
The base of the leaf, still contained in the whorl, was non-photosynthetic and acting like a sink.  
The tip of the same leaf was fully developed and photosynthetic.  Our developing leaf samples 
were taken from the base, so the expression profiles represented sink tissues.  The differentially 
expressed genes from young leaf samples were more likely than other tissues to be upregulated 
under low N, especially the V8 leaves. The V8 sample has six times more upregulated genes than 
downregulated; in contrast, other tissues were balanced in the direction of N response (Table 
2.2).  Additional evidence for the developing leaf samples acting metabolically as sink tissues 
was observed in gene ontology classification of the differentially expressed genes.  The GO 
biological processes that were significant in the developing leaf libraries were also significant in 
the 8dap and 16dap seed libraries, which also were strong sink tissues.   
 
Mature Leaves 
The libraries for the mature leaf samples clustered together more tightly than any other tissue 
type in the principal component analysis (Figure 2.2A).  The samples all came from 
morphologically similar tissues; the ear leaf was fully expanded before anthesis, so the RNAseq 
reads tracked with the changes in metabolism rather than growth and differentiation.  At anthesis 
and shortly thereafter, N uptake and N remobilization must be balanced to optimize nitrogen use 
efficiency (Moll et al., 1982).  The mature leaf during this period showed the highest number of 
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N-responsive genes in the developmental profile, indicating a key developmental shift with 
respect to N response at this time (Table 2.2).  The decreased rate of N uptake later in the season 
may act as a signal for the plant to increase N remobilization (Rajcan and Tollenaar, 1998).  
Figure 2.3 showed a sweep of N uptake and N assimilation genes becoming highly N-responsive 
from anthesis to 8dap.  Some components of N uptake and assimilation remained induced by N 
supply for all leaf samples. 
 
The N-responsive genes from leaf samples at anthesis and 8 days after pollination were enriched 
for GO terms involved in photosynthesis, energy generation, and carbohydrate metabolism.  
These terms are consistent with these tissues being important source tissues.  At 16dap and 
24dap, the GO category enrichment was contrasting dependent on nitrogen treatment.  Genes 
which increased expression under low N were enriched for N metabolism functions, while genes 
which increased under high N were enriched for C metabolism.  This balance of carbon and 
nitrogen metabolism gene expression may likely reflects a key tradeoff between continued 
photosynthesis and N storage with N remobilization. 
 
Earshoots 
Earshoots are a complex sample, comprised of an amalgam of tissues including pro-cob and ova. 
Earshoot tissues both condition and accept nutrients from the mother plant.  The N response of 
earshoot tissues was similar at anthesis and 8dap samples.  This was particularly clear among the 
enriched GO terms for genes that decreased in expression under low N (Table 2.3).  These 
samples were enriched for carbohydrate metabolism, polysaccharide metabolism, and 
photosynthesis.  The 8dap sample also showed enrichment for lipid metabolism; the scutellum 
grows rapidly during this developmental time, and lipids are typically concentrated in the 
scutellums of maize.  With regard to N metabolism genes, the earshoot shared some genetic 
outputs with developing leaves.  Both tissues showed decreased expression of starch synthesis 
and photosynthesis under low N (Figure 2.3).  These samples displayed a conservative yield 
strategy as a stress response to low N.  The 8dap sample additionally showed downregulation of 
the suite of genes involved in redox metabolism and cell wall synthesis under low N (Figure 2.3), 
showing an even stronger conservative strategy in the tissue.   
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Seeds 
Maize seed development happens in three key developmental steps.  The first ten to eighteen 
days after pollination is the lag phase, where cell division and cell expansion occur and set up the 
potential ear size and weight (Cheikh and Jones, 1994; Seebauer et al., 2010).  After the lag 
phase begins the linear phase, where the seed accumulates storage compounds; this phase lasts 
until 40 days after pollination, but the window is sensitive to growing conditions (Sabelli and 
Larkins, 2009).  During the linear phase, kernel growth rate determines kernel size and weight, 
and the kernel growth rate is closely tied to the availability of photoassimilates from the source 
leaf (Egharevba et al., 1976; Westgate, 1994; Maddonni et al., 1998).  Maize seeds have been 
transcriptionally profiled over the course of the lag phase of development, up to 16 days after 
pollination (Sekhorn et al., 2013; Sekhorn et al., 2014; Lu et al., 2013; Li et al., 2014). 
 
Zeins are the characteristic storage protein of maize seeds, and are expressed in maize 
endosperms.  They are the most abundant transcript in most maize seeds.  Expression of zein 
genes begins at about 10dap (Kodrzycki et al., 1989).  Most zein genes were not N-responsive.  
When zein genes were N-responsive, they increased expression in high N, as observed in the 
16dap endosperm sample.  Most of the N-responsive genes from the seeds were associated with 
the more general abiotic stress response (Table 2.3), in particular temperature.  July and August 
2009 were 3.3°C cooler than normal.  One hot day occurred on July 28th, where the temperature 
reached 30.5°C, which was 3.9°C warmer than any day that month (Angel, 2009).  These 
unusual temperatures could have affected the transcriptional profiles of the seeds during this 
stage of development. 
 
The 24dap sample had problems that make it difficult to confirm N response patterns observed at 
16dap.  The principal component analysis showed the 24dap high N seed sample was separated 
from other seed samples, closer to earshoot samples.  This may indicate contamination of this 
sample with tissue from the cob or glume tissue that would resemble the earshoot.  Much of the 
transcriptome resembled maize seeds.  The most abundant genes were similar to other seed 
samples, and 20 of the top 100 most abundant genes were zein genes.  Another possible 
explanation is the progressively delayed reproductive development for plants grown at low N, 
which is most evident at 24dap, and may exacerbate the differences in gene expression programs.  
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However, the expression patterns of senescence associated genes did not indicate a significant 
change in the high N seed samples than low N.  Alternatively, at 24 days after pollination, seeds 
move from the milk phase into the dough phase, and low N supply may have accelerated the 
onset of programmed cell death within the endosperm, which could reduce the integrity of RNA. 
 
Intersection and Comparison of Nitrogen Response 
The dynamic nature of the nitrogen response among the different plant tissues is expected, and 
has been described here.  Differences in the physiological and molecular responses to nitrogen 
among tissues have been reported previously.  At the gene expression level it is possible to 
compare the nitrogen response between tissues in a meaningful way, since the set of expressed 
genes is shared among tissues.  These tissues inherently interact to establish and respond to the 
varying levels of nitrogen in the plant.  The global nitrogen response can also be described 
within the context of different tissues by using gene expression networks to describe the total 
plant nitrogen response in the low nitrogen and high nitrogen networks. 
 
Comparing the gene expression networks from the low N and high N transcriptional profiles is 
one way to identify the genes that had contrasting responses to nitrogen. The networks were built 
using expression data from all tissues and developmental times to consider the whole maize life 
cycle.  The resulting networks for the developmental profile at high N and low N were 
structurally similar.  However, the genes that were highly interconnected with each network were 
different depending on N level.  Such hub genes were co-expressed with many other genes, and 
this suite of genes could be regulated by a single mechanism, perhaps as response to replete N or 
N stress.  Genes involved in N metabolism itself became more interconnected, or more central 
under low N stress, while genes for energy generation and strong C metabolic processes were 
more interconnected under high N conditions.  This change in genes comprising the network 
hubs depending on nitrogen condition could reflect an interesting tradeoff between C and N 
metabolism as adaptations to N supply.  Plants grown under high N would be focused on total 
plant growth and biomass accumulation, which require support from strong carbon metabolism.  
In contrast, under low N, the plant must focus on N metabolism to make any N in the plant 
available for total plant metabolism and growth.   
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Source-Sink Relationships 
In the reproductive phase, different parts of the plant must adopt different strategies to optimize 
grain yield.  Source leaves must stay alive as long as possible, then senesce very quickly.  The 
ear can respond to changes in maternal plant nutrient status only during a few developmental 
windows through modulation of kernel number or kernel size (Sabelli and Larkins, 2009).  The 
maternal plant can control the flux of photoassimilates into the ear through maternal tissues 
(Sekhorn et al., 2014).  Likewise, the maternal plant can control the allocation of 
photoassimilates to coordinate seed size and seed number in response to changes in nutrient 
status (Gambin and Borras, 2010).  The remainder of changes occur through changing kernel 
composition.  The differences in development and tissue N response and expression patterns 
were consistent with the source-sink dynamics of the plant during its life cycle.  Samples from 
the leaf and ear were subjected to the same N stresses, although each tissue was expected to 
respond differently in relation to its needs.  Leaves after anthesis maintained a source function, 
performing photosynthesis and generating sugars to transport to the sink.  However, through 
development, the leaves progressed toward senescence and even stronger outward transport.  
Meanwhile, ears developed into progressively stronger sinks.  These different states have 
different N needs.  The 110 genes which were differentially N-responsive between the two 
tissues demonstrate the inherent tradeoffs for genetic response to nitrogen within the same plant.  
The plant must balance the N response in sink tissues toward active metabolism and deposition 
of proteins and sugars, whereas the source tissues direct metabolism and energy generation to 
remobilize proteins to the growing sink in the plant.  Several transcription factors had opposing 
responses to nitrogen in the leaf and the ear, and these genes may play a role regulating the 
different response. 
 
Genes that under low N conditions were downregulated in the leaf, but upregulated in the ear 
may delay senescence and maintain metabolism in the leaf, but program increased growth in the 
ear.  The ear response to N involves balancing kernel abortion and kernel fill.  By anthesis, 
kernel number has been established, and sink strength can be modulated by changing kernel 
weight or by aborting kernels.  Under high N, the seed receives the message from the rest of the 
plant to encourage growth, all existing kernels can be supported, and grain fill can occur at the 
rate the leaves export sugars. 
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Several genes with that were contrastingly N responsive in this way (down in the leaf, up in the 
ear under low N) were good candidates for further analysis.  Nitrate reductase is an important 
component of nitrogen assimilation, and it was downregulated in the leaf but upregulated in the 
ear.  It was more abundant in the leaf, where its role is well characterized.  Under low N, there is 
less nitrogen for assimilation, so nitrate reductase was downregulated.  Later in development, 
bursts of N may occur in the ear due to local increases in N from remobilization that would 
generate a need for more nitrate reductase activity.  A cytokinin O-glucosyltransferase had this 
expression pattern, and was a hub in the Virtual Plant network of these genes.  This enzyme 
plays a role in the regulation of cytokinins and the role of cytokinins in senescence. Cytokinin O-
glucosyltransferase conjugates cytokinins, causing them to be inactivated (Bajguz and 
Piotrowska, 2009).  The rate of senescence can be modulated through differential cytokinin 
conjugation in the two tissues based on available N.  In the low N leaf, more active cytokinin 
would be necessary to increase senescence and thus remobilization; however, the ear should not 
progress through senescence at the same rate because it needs to fill grain as long as any part of 
the plant is green and has nutrients to give.  The plants generalized stress response is felt 
oppositely in the leaf and ear.  A calcineurin B-like protein-interacting serine threonine-protein 
kinase (GRMZM2G075002) showed this expression pattern.  The gene is related to CIPK1 from 
Arabidopsis, which is involved in abscisic acid (ABA) signaling (Batistic and Kudla, 2004).  The 
Arabidopsis gene may be a convergence point for ABA vs non-ABA stress responses (D’Angelo 
et al., 2006).  If the maize gene acts in a similar pathway, it may help program the regulatory 
interplay between nitrogen stress and senescence.  Other calcineurin B-like proteins in maize act 
directly to regulate nitrate transceptors and peptide transporters (Ho et al., 2009; Ho and 
Frommer, 2014), which clearly play a role in plant nitrogen response. 
 
Genes with the opposite pattern of tissue specific nitrogen response (up in leaf, down in ear 
under low N) were also identified.  These genes may be involved in the low nitrogen response 
which starts from the leaf and drives the downstream response to N in the sink tissues.  When 
nitrogen stress occurs, the lower leaves of the maize plant will prematurely senesce and export 
both sugars and proteins at a greater rate than under replete N.  Early stages of stress could 
generate a baseline low nitrogen status in the plant, but as leaf senescence occurs, the seed must 
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respond to the increase in nutrient supply from source tissues.  Thus the N level in the leaf would 
not match the N level in the ear, and the local response could be opposing.  The ear must balance 
the N remobilization and gauge the total available N.  The tradeoff between late season N uptake 
and N remobilization rates may be modulated by genes with this specific nitrogen response.  
Additionally, because any nitrogen taken up by the plant late in development moves directly into 
the seed, the nitrogen stress would be felt differently in the ear and the leaf (Subedi and Ma, 
2004).  
 
This pattern of N response could be caused by the interplay of source and sink relations.  Within 
source-sink, sugar transporters have been identified as key players (Braun and Slewinski, 2009; 
Slewinski and Braun, 2010), and would be expected to play a role.  Encouragingly, a putative 
polyol/monosaccharide transporter was found in this gene set, along with nine other transporters.  
Clearly transport plays a key role in modulating N response out of leaves and into ears.  The 
identification of these genes validated this approach toward finding genes that may play a role in 
source-sink interactions.  Most interestingly, four genes with this pattern are MYB or bHLH 
transcription factors.  These genes were key hubs in the network of tissue-specific expression 
genes.  These classes of transcription factors have been found to be upregulated by N deficiency 
and play a role in nitrogen use efficiency (Imamura et al., 2009; Lea et al., 2007).  The particular 
bHLH gene identified here, bHLH175, has a gene ontology annotation describing the gene as 
playing a role in nitrogen metabolism.  This gene is also called ZmZHOUPI, and it has been 
shown to play a role at the interface of the embryo and endosperm during grain fill.  The gene is 
believed to be specifically expressed in the endosperm (Grimault et al., 2015).  Ectopic 
expression of ZmZHOUPI in the leaf reduced stomatal number, which the authors attribute to 
promiscuous protein interactions, though this could be helpful in a leaf under low N.  By 
describing the low N responsive transcriptome, this study presented a unique opportunity to 
identify an additional role for ZmZHOUPI.  The roles of all four transcription factors toward 
modulating this expression response could be interesting and should be further investigated using 
functional genomics tools.  Mutants are publically available for one of the MYB genes and for 
the bHLH gene. 
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Thirteen of the 110 tissue-specific N response genes were annotated as pathogenesis genes, 
which may not have played a role in differential programming of the plant response to N.  A 
trivial explanation for these genes is the leaf or ear samples taken may have had diseased 
portions that were not noted or avoided during sampling; the disease progression may have been 
too early to notice during sampling.  More interestingly, some pathogenesis related genes with 
this developmental pattern may reflect true biological crosstalk from signals for plant 
development, apoptosis, or degradation (Khurana et al., 2005; Bostock, 2005; Kazan and 
Manners, 2009).  Additionally, the Yang et al. (2011) set of biomarkers included a few genes 
which were annotated as pathogenesis related. 
 
Conclusions 
A long history of physiological and metabolic research documents that response to N fertilizer is 
developmentally dynamic, dependent on tissue type and plant age.   This study characterizes 
these changes using genome-scale transcriptome profiling.  The experimental design of sampling 
the B73 genotype grown under N-deficient and N-sufficient field conditions discovered novel 
developmental patterns of N-responsive gene expression.  Sampling the same leaf throughout its 
life cycle revealed significant shifts in how genes associated with nitrogen and carbon 
metabolism change with N supply and leaf age.  In addition, the simultaneous sampling of source 
leaf and reproductive sink tissues from anthesis to seed maturation provided new insights into 
regulatory programs governing N remobilization and grain fill.  As observed during the transition 
from sink to source status within the leaf subtending the ear, interactions between source leaves 
and reproductive sinks are associated with coordinated changes in the expression of genes 
linking C and N metabolism and transport.  We have identified regulatory programs associated 
with balancing these processes to adjust N utilization to tissue type and developmental context.  
Going forward, this new knowledge of the dynamic nature of nitrogen responsive gene 
expression should be valuable to guide perturbations to the nitrogen response system aimed at 
improving crop yields with lower fertilizer inputs. 
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Figures and Tables 
 
 
Figure 2.1: A.) Photograph of phenotypic effect from N limitation in the N responsive field site 
in Urbana, IL B.) Sampling plan C.) Relative chlorophyll content in the nitrogen treatments at 
anthesis D.) Phenotypic data for low N and high N grown plants at anthesis (R1) and maturity 
(R6) E.) Nitrogen utilization efficiency for grain yield and total biomass of plants grown at low 
N and high N F.) Number of senescent leaves from V10 to R3 
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Stage Tissue N level 
Number of 
Reads 
% 
Mapped 
% 
Multiple 
Aligned 
# Genes             
> 1 
TMM 
# Genes  
> 5 
TMM 
Mean 
Expression 
Median 
Expression 
V8 leaf low 25,691,286 96.30% 6.90% 23,012 17,043 26.2 7.4 
V8 leaf high 21,594,462 96.30% 4.80% 22,517 16,820 26.3 7.4 
V10 leaf low 31,622,429 96.30% 5.90% 22,442 16,657 29.5 7.1 
V10 leaf high 20,258,387 96.00% 7.70% 22,585 16,648 28.2 7 
V12 leaf low 25,717,661 96.60% 6.50% 21,537 15,828 34.2 6.1 
V12 leaf high 42,347,800 96.00% 5.50% 21,270 15,648 39.2 5.9 
0dap leaf low 25,715,915 94.80% 5.00% 20,726 15,464 36 5.6 
0dap leaf high 25,584,119 94.70% 6.10% 21,579 15,801 32.3 6.1 
8dap leaf low 19,307,593 94.70% 21.90% 21,073 15,757 31.9 6 
8dap leaf high 18,080,897 95.20% 5.00% 21,186 15,591 32.2 5.8 
16dap leaf low 18,200,162 94.40% 7.90% 21,499 15,776 27.9 6 
16dap leaf high 51,137,031 95.20% 10.60% 21,465 15,846 28.9 6.1 
24dap leaf low 21,558,161 93.00% 6.10% 21,512 15,870 32.1 6.1 
24dap leaf high 13,167,515 89.80% 5.10% 21,518 15,878 31.2 6.2 
0dap ES low 26,655,464 92.80% 4.60% 22,032 16,012 21 6.1 
0dap ES high 11,911,413 91.30% 5.10% 22,542 15,918 21 6 
8dap ES low 18,345,242 93.60% 23.20% 23,067 16,293 22 6.4 
8dap ES high 19,125,213 93.30% 5.80% 22,967 16,466 23.2 6.6 
16dap ES low 27,720,490 89.80% 14.50% 23,220 16,231 74.1 6.3 
16dap ES high 29,505,922 92.00% 58.20% 23,053 15,286 91.7 5.4 
24dap ES low 24,676,682 93.50% 16.20% 23,352 16,358 92.9 6.2 
24dap ES high 28,388,561 85.80% 6.40% 20,817 14,730 31.5 4.8 
 
Table 2.1: Read and alignment summary of RNAseq results. 
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Figure 2.2: A.) PCA of count values for the RNAseq libraries.  The first PC separated the seed 
and earshoot tissues from the leaves and accounted for 48% of the variation.  The second PC 
continued to separate these types of tissues and accounted for 18.3% of the variation.  The third 
PC separated younger tissues (developing leaf and 0-8dap earshoots) from older tissues and 
accounted for 11.6% of the variation. B.) Biplot of first and second principle components.  The 
expression of two genes (PepC1, PPDK) pulls the leaf tissues along PC1.  The expression of 5 
genes involved in seed storage () separate the earshoot and seed tissues along PC2. C.) Genes 
which increase expression robustly in response to low N stress for three tissue types: developing 
leaf (V8 or V10), mature leaf (anthesis, 8dap, 16dap or 24dap), or ear (earshoot at anthesis, 8dap 
earshoot, or 16dap kernel). D.) Genes which robustly decrease expression in response to low N 
stress in the three tissue types. 
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 Number N-responsive 
V8 
leaf 
V10 
leaf 
V12 
leaf 
0dap  
leaf 
8dap 
leaf 
16dap 
leaf 
24dap 
leaf 
0dap
ES 
8dap
ES 
16dap
ES Total 
Up 287 268 277 1071 816 202 114 260 339 397 3194 
Down 45 315 233 913 584 326 209 353 458 416 2950 
DE 332 583 510 1984 1400 528 323 613 797 813 5585 
 
Table 2.2: Table of differentially expressed genes.  Differential expression was called as a two-
fold change in expression and an absolute count difference of more than 10 cpm.  Upregulated 
genes increase expression in response to low N stress, while downregulated genes decrease 
expression in low N. 1-6% of all genes are N-responsive in a tissue.  In total, 10.7% of genes are 
upregulated in response to low N stress, 9.9% of genes are downregulated at least one time, and 
18.7% of all genes are N-responsive at some point in maize development. 
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GO ID Description V8 leaf 
V10 
leaf 
V12 
leaf 
0dap 
leaf 
8dap 
leaf 
16dap 
leaf 
24dap 
leaf 
0dap 
ES 
8dap 
ES 
16dap 
ES 
GO:0034641 cellular nitrogen compound metabolic process 
1.20E-04 5.20E-05 1.70E-04   2.70E-05 1.70E-04    
GO:0015979 photosynthesis 1.60E-23   1.70E-05 4.90E-07      
GO:0019684 photosynthesis, light reaction 
2.93E-18    3.27E-05    2.85E-05  
GO:0065004 protein-DNA complex assembly 
8.70E-11   7.90E-12    6.90E-41   
GO:0006260 DNA replication 9.30E-11   8.70E-12    3.54E-04   
GO:0070271 protein complex biogenesis 4.02E-05   7.15E-06    2.67E-11   
GO:0006091 generation of precursor metabolites and energy 
6.40E-09    5.20E-10      
GO:0008152 metabolic process 1.30E-05    5.60E-04      
GO:0009072 aromatic amino acid family metabolic process 
 3.90E-06     4.90E-04    
GO:0044262 cellular carbohydrate metabolic process 
  6.50E-07       9.90E-06 
GO:0006412 translation    2.28E-04    1.55E-03   
GO:0055114 oxidation-reduction process 
    2.10E-11    3.10E-04  
 
Table 2.3A: Gene ontology (GO) functional categories for biological processes found to be overrepresented in the gene upregulated in 
low N for three or more samples.  GO terms were determined using AgriGO and the default parameters.  GO terms were condensed 
using REVIGO to remove redundant terms. 
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GO ID Description V8 leaf 
V10 
leaf 
V12 
leaf 
0dap 
leaf 
8dap 
leaf 
16dap 
leaf 
24dap 
leaf 
0dap 
ES 
8dap 
ES 
16dap 
ES 
GO:0005975 carbohydrate metabolic process    3.8E-05 2.6E-04 9.2E-05 2.3E-04 3.6E-07 1.1E-10  
GO:0044262 cellular carbohydrate metabolic process 
   2.4E-06 7.4E-06   2.1E-06 2.7E-10  
GO:0005976 polysaccharide metabolic process       1.9E-03 5.2E-08 2.2E-09  
GO:0001659 temperature homeostasis  4.4E-04        1.1E-04 
GO:0009266 response to temperature stimulus  4.5E-04        1.2E-04 
GO:0009605 response to external stimulus  1.7E-03        9.9E-04 
GO:0009628 response to abiotic stimulus  1.3E-04        2.0E-04 
GO:0032501 multicellular organismal process  5.5E-04        5.4E-05 
GO:0042592 homeostatic process  5.4E-04        7.4E-04 
GO:0050896 response to stimulus  5.5E-07        8.2E-04 
GO:0065008 regulation of biological quality  4.8E-04        6.2E-04 
GO:0006629 lipid metabolic process  4.3E-08       5.6E-07  
GO:0008202 steroid metabolic process  1.7E-03       1.5E-04  
GO:0006979 response to oxidative stress  2.2E-04       7.3E-05  
GO:0006869 lipid transport  4.3E-04      6.5E-04   
GO:0034641 cellular nitrogen compound metabolic process 
   3.1E-08     1.8E-04  
GO:0006091 generation of precursor metabolites and energy 
        1.2E-03 1.5E-14 
 
Table 2.3B: Gene ontology (GO) functional categories for biological processes found to be overrepresented in the gene 
downregulated in low N for three or more samples.  GO terms were determined using AgriGO and the default parameters.  GO terms 
were condensed using REVIGO to remove redundant terms. 
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Figure 2.3: A.) N response for core N-metabolism genes are shown.  Genes which increase or 
decrease in response to low N stress are shown in red and blue, respectively.  B.) The N response 
pattern for asparagine synthetase 3, asparaginase and aspartate aminotransferase were validated 
using qPCR.  qPCR fold-change is shown in the bar chart for each tissue-time, and the 
corresponding RNAseq fold-change values are shown as points.  Red bars and points show a >2-
fold higher expression in low N; blue bars and points show a >2-fold decrease in low N. 
 
 
 
 
 
 
60 
 
 
Figure 2.4: 113 genes were previously identified as biomarkers (Yang et al., 2011).  The fold 
change in low N compared to high N is shown in A.  Genes which are upregulated in low N 
stress are shown in red, while downregulated genes are shown in blue.  The biomarker genes 
appear to be strong biomarkers with a consistent N response in fully expanded leaf tissues.  The 
N-responsiveness of these genes in other tissues including young leaf (far left) and earshoot/seed 
(far right) is equally likely to be upregulated, downregulated or non-responsive.   
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Table 2.4 
Gene Model Annotation V8leaf V10leaf V12leaf 0dapleaf 8dapleaf 16dapleaf 24dapleaf 
GRMZM2G000236 12-oxo-phytodienoic acid 
reductase2 0.0 0.0 1.8 1.3 2.1 1.7 0.8 
GRMZM2G028325 Aquaporin NIP2-1 (NOD26-
like intrinsic protein 2-
1)(ZmNIP2-1)(ZmNIP2;1) 
2.1 1.3 0.2 0.7 0.8 1.5 1.4 
GRMZM2G173413 At: allantoinase 0.0 1.5 1.1 0.6 1.1 1.2 1.0 
GRMZM2G119970 At: AZA-guanine resistant1 0.0 1.5 1.4 1.2 3.4 0.0 1.3 
GRMZM2G538535 At: Eukaryotic aspartyl 
protease family protein 1.1 0.4 1.0 0.0 1.7 0.0 1.0 
GRMZM2G030216 At: nodulin MtN21 /EamA-
like transporter family 
protein 
0.0 1.2 0.6 1.4 1.6 1.8 0.5 
GRMZM2G531230 At: N-terminal nucleophile 
aminohydrolases (Ntn 
hydrolases) superfamily 
protein 
0.0 1.6 1.0 0.8 1.3 1.9 1.9 
GRMZM2G082032 At: N-terminal nucleophile 
aminohydrolases (Ntn 
hydrolases) superfamily 
protein 
0.8 1.4 0.9 2.5 1.9 1.6 2.2 
GRMZM5G825515 At: oligopeptide transporter 7 0.6 0.8 1.2 2.4 3.2 1.9 2.1 
GRMZM2G013781 At: Oxidoreductase, zinc-
binding dehydrogenase 
family protein 
0.0 1.5 1.5 0.0 2.5 1.1 0.0 
GRMZM2G147268 At: threonine aldolase 1 0.0 0.0 1.5 0.0 1.9 1.8 1.7 
GRMZM2G153536 branched-chain-amino-acid 
aminotransferase 0.0 0.0 0.0 1.5 1.4 1.4 1.3 
GRMZM2G130053 cysteine protease 1 0.0 1.5 0.1 2.3 2.0 0.8 1.4 
GRMZM2G005954 jasmonate-zim-domain 
protein 13 1.4 2.2 0.8 1.5 1.1 0.0 0.0 
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Table 2.4 (cont.) 
GRMZM2G121753 MYBR transcription factor 
89 
0.0 2.7 2.6 0.0 0.0 5.0 6.7 
GRMZM2G107380 NA 0.0 1.5 0.0 1.1 1.1 1.3 0.7 
GRMZM2G067156 NA -0.5 0.0 2.3 0.0 3.3 2.5 2.6 
GRMZM2G351318 Os: DUF584 domain 
containing protein, putative, 
expressed 
0.0 0.0 1.1 1.6 1.4 -0.6 2.1 
GRMZM2G158117 SANT/MYB protein 0.0 0.0 2.1 3.6 0.0 3.0 2.8 
GRMZM2G445634 ZIM motif family protein 0.0 3.0 2.7 1.3 1.8 0.0 0.0 
GRMZM2G031354 36.4 kDa proline-rich protein 0.0 0.4 0.1 -1.5 -3.5 -3.4 -1.6 
GRMZM2G340656 alkaline alpha galactosidase 1 -0.6 0.0 -1.6 -1.4 -1.0 -1.3 0.0 
GRMZM2G064993 annexin p33 -0.6 -1.2 0.0 0.0 -1.7 -1.6 -1.6 
GRMZM2G061950 annexin2 -1.1 -0.8 -1.0 -1.2 -2.0 -2.5 -1.6 
GRMZM2G083847 At: ACT domain-containing 
protein 
0.0 0.0 -0.8 -2.2 -2.7 -1.2 -1.0 
GRMZM2G093272 At: Adenine nucleotide alpha 
hydrolases-like superfamily 
protein 
-0.6 0.0 -1.5 0.0 -1.5 -2.2 -1.5 
GRMZM5G828630 At: alanine aminotransferase 
2 
0.0 0.0 -1.3 -5.7 -4.8 -0.9 -1.5 
GRMZM2G353444 At: alpha/beta-Hydrolases 
superfamily protein 
1.1 0.6 -1.2 -1.9 -4.3 -4.3 -2.0 
GRMZM2G456997 At: CAP (Cysteine-rich 
secretory proteins, Antigen 5, 
and Pathogenesis-related 1 
protein) superfamily protein 
0.0 1.5 -0.6 -1.6 -1.8 -1.5 -1.7 
GRMZM2G052825 At: cytochrome P450, family 
71, subfamily B, polypeptide 
34 
0.0 0.0 0.0 -3.0 -5.1 -1.8 -1.1 
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Table 2.4 (cont.) 
GRMZM2G028535 At: delta 1-pyrroline-5-
carboxylate synthase 2 
-1.5 0.0 -1.6 -2.5 -3.6 0.0 -3.0 
GRMZM2G448001 At: DPP6 N-terminal 
domain-like protein 
0.0 0.0 -1.5 -1.8 -1.8 -1.2 0.0 
GRMZM2G133684 At: Integral membrane HPP 
family protein 
0.0 0.0 -1.3 -2.7 -5.0 -2.1 -2.5 
GRMZM2G005040 At: K+ uptake permease 11 0.0 0.0 -1.1 -1.4 -1.3 -1.1 0.0 
GRMZM2G018820 At: senescence-related gene 3 0.0 -1.9 -1.7 -3.5 -0.3 -3.3 -0.5 
GRMZM2G126541 At: serine carboxypeptidase-
like 50 
0.0 0.0 0.0 -2.0 -1.4 -2.9 -1.2 
GRMZM2G126772 benzoate carboxyl 
methyltransferase 
0.0 0.0 -1.1 -2.2 -5.1 -1.2 -0.9 
GRMZM2G099092 blight-associated protein p12 0.0 0.0 0.0 -2.8 -3.4 -1.1 -2.0 
GRMZM2G063162 bnl(pho80) 0.2 0.8 -1.3 -1.7 -1.1 -1.4 -0.5 
GRMZM2G453805 chitinase chem5 0.0 0.0 -2.5 -3.0 -2.3 -0.6 -1.9 
GRMZM2G057616 Chloride channel protein 0.0 -0.6 -1.2 -3.7 -2.9 -1.1 -1.1 
GRMZM2G172491 Cytochrome P450 71C1 (EC 
1.14.-.-)(Protein 
benzoxazineless 4) 
0.2 -0.3 -0.5 -1.5 -3.1 -1.3 -1.2 
GRMZM2G167549 Cytochrome P450 71C2 (EC 
1.14.-.-)(Protein 
benzoxazineless 3) 
-0.3 -0.7 0.0 -1.1 -3.8 -1.6 -1.9 
GRMZM2G063756 Cytochrome P450 71C3 (EC 
1.14.-.-)(Protein 
benzoxazineless 5) 
0.0 -0.5 -0.3 -1.6 -3.1 -1.5 -1.6 
GRMZM2G171468 G2-like-transcription factor 8 0.0 -1.1 -1.4 -2.0 -2.5 -2.2 -0.9 
GRMZM2G007810 high-affinity cationic amino 
acid transporter 1 
0.0 0.0 -1.3 -2.1 -1.7 -1.0 0.0 
GRMZM2G158394 knotted1 induced1 0.4 -0.2 -0.9 -4.7 -4.1 -3.1 -3.1 
GRMZM2G040095 lipoxygenase6 0.8 -0.3 -1.1 -3.6 -4.3 -3.5 -1.8 
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Table 2.4 (cont.) 
GRMZM2G048129 mtN19-like protein 0.0 0.0 -2.0 -2.0 -1.1 -2.0 -0.4 
GRMZM2G056500 NA 0.0 -1.9 -4.4 0.0 0.0 -2.4 -4.1 
GRMZM2G134264 NA 0.5 -1.1 -2.3 -3.8 0.0 0.0 -2.0 
GRMZM2G088064 NA 0.0 0.0 -1.3 -2.6 -3.4 -1.5 -1.7 
GRMZM2G114945 NA 0.3 -1.2 -2.2 -3.4 -3.8 -1.6 -3.3 
GRMZM2G050131 NA 0.3 -1.2 -2.2 -3.4 -3.8 -1.6 -3.3 
GRMZM2G150363 nine-cis-epoxycarotenoid 
dioxygenase 8 
0.0 0.0 -2.5 -1.1 -4.6 0.0 -1.7 
GRMZM2G027479 Os: THION7 - Plant thionin 
family protein precursor, 
expressed 
0.0 0.0 0.0 -1.6 -2.0 -1.4 -1.6 
GRMZM2G465226 pathogenesis related protein4 0.0 0.0 0.0 -2.6 -2.2 -1.6 -1.8 
GRMZM2G402631 pathogenesis related protein-
5 
0.0 0.0 -3.8 -2.4 -2.8 -1.6 -1.9 
GRMZM2G127087 terpene synthase 6 0.0 0.0 -4.1 -2.3 -3.0 0.2 -2.0 
GRMZM2G008226 trehalose 
phosphatase/synthase 4 
0.0 0.0 -2.0 -2.2 -2.6 -1.6 -1.4 
 
Table 2.4: List of genes with robust nitrogen response: a nitrogen response in the same direction or no N response for all samples of 
the same tissue.  Gene annotations were derived from Phytozome and MaizeGDB. 
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Figure 2.5: A.) Expression patterns of genes with different responses to nitrogen in the leaf and 
ear.  Blue bars represent differential expression in high N, while red bars represent at least a 2-
fold increase in expression under low N.  B.) Genes with contrasting N response in the leaf and 
ear may contribute to source-sink movement. C.)  Gene network generated using VirtualPlant 
shows the importance of three Myb genes and bHLH175 potentially regulating this response. 
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Table 2.5: Tissue Specific Response 
Set Genes General Category Annotation 
a GRMZM2G028129 ATP At: P-loop containing nucleoside triphosphate hydrolases  
a GRMZM2G134264 Carbohdrate Binding NA 
a GRMZM2G119696 Chaperone protein At: Double Clp-N motif-containing  
a GRMZM2G358153 Chitin Os: glycosyl hydrolase, putative, expressed 
a GRMZM2G453805 Chitin chitinase chem5 
a GRMZM2G083130 Cytokinin cytokinin-O-glucosyltransferase 2 
a GRMZM2G114322 Growth At: expansin-like A1 
a GRMZM2G131554 Kinase At: Kinase interacting (KIP1-like) family protein 
a GRMZM5G878558 Nitrogen metabolism At: nitrate reductase 1 
a GRMZM2G117942 Pathogenesis Putative uncharacterized proteinWin2 ; 
a GRMZM2G117971 Pathogenesis At: pathogenesis-related 4 
a GRMZM2G402631 Pathogenesis pathogenesis related protein-5 
a GRMZM2G092474 Pathogenesis At: osmotin 34 
a GRMZM2G447785 Pathogenesis Bowman-Birk type bran trypsin inhibitor 
a GRMZM2G039639 Pathogenesis protein P21 
a GRMZM2G315431 Protein modification ubiquitin-protein ligase 
a GRMZM2G113618 Secondary Metabolism At: cytochrome P450, family 71, subfamily B, polypeptide 2 
a GRMZM2G100412 Secondary Metabolism At: cytochrome P450, family 87, subfamily A, polypeptide 2 
a GRMZM2G167549 Secondary Metabolism Cytochrome P450 71C2 Protein benzoxazineless 3 
a GRMZM2G172826 Secondary metabolite transfer At: cytochrome P450, family 71, subfamily A, polypeptide 22 
a GRMZM2G075002 Stress CBL-interacting serine/threonine-protein kinase 1 
a GRMZM2G117706 Stress At: Peroxidase superfamily protein 
a GRMZM2G100084 Sugar conversion/photosynthesis At: Aldolase-type TIM barrel family protein 
a GRMZM2G140832 Transport At: Sec1/munc18-like (SM) proteins superfamily 
a GRMZM2G168747 Transporter At: natural resistance-associated macrophage protein 1 
67 
 
Table 2.5: (cont.) 
Set Genes General Category Annotation 
a GRMZM2G359102 Unknown NA 
a GRMZM2G546834 Unknown NA 
b GRMZM5G822438 Photosynthesis Os: uncharacterized protein ycf72, putative 
b GRMZM2G458118 ATP Synthesis ATP synthase subunit c, chloroplastic 
b GRMZM5G876106 ATP Synthesis NAD(P)H-quinone oxidoreductase subunit 2 B, chloroplastic 
b GRMZM5G810298 ATP Synthesis NAD(P)H-quinone oxidoreductase subunit 2 B, chloroplastic 
b GRMZM2G012046 Autophagy At: MAC/Perforin domain-containing protein 
b GRMZM2G012584 Calcium At: IQ-domain 2 
b GRMZM2G000397 Calcium EF hand family protein 
b GRMZM5G898668 Cell Wall Biosynthesis At: Exostosin family protein 
b GRMZM2G142898 Cell Wall cellulose synthase catalytic subunit 12 
b GRMZM2G055795 Cell Wall cellulose synthase 11 
b GRMZM2G037413 Cell Wall cellulose synthase 11 
b GRMZM2G011651 Cell Wall At: Cellulose synthase family protein 
b GRMZM2G002523 Cell Wall At: Cellulose synthase family protein 
b GRMZM5G877647 Circadian clock At: ELF4-like 3 
b GRMZM2G101875 Fatty acid synthesis At: AMP-dependent synthetase and ligase family protein 
b GRMZM2G056236 Growth At: expansin B4 
b GRMZM2G176595 Growth At: expansin B2 
b GRMZM2G700208 Lipid Metabolism At: GDSL-like Lipase/Acylhydrolase superfamily protein 
b GRMZM2G445602 Pathogenesis At: 3-ketoacyl-CoA synthase 10 
b GRMZM2G178199 Pathogenesis At: Disease resistance-responsive dirigent-like protein 
b GRMZM2G106748 Pathogenesis lipoxygenase 
b GRMZM2G078409 Photosynthesis plastocyanin 2 
b GRMZM2G385635 Photosynthesis Ribulose bisphosphate carboxylase large chain Precursor 
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Table 2.5: (cont.) 
Set Genes General Category Annotation 
b GRMZM2G129146 Protein Degradation At: Eukaryotic aspartyl protease family protein 
b GRMZM2G448161 Protein Degradation At: plastid-encoded CLP P 
b GRMZM2G091837 Protein Degradation senescence-inducible chloroplast stay-green protein 2 
b GRMZM2G016261 Respiration At: NADH-Ubiquinone/plastoquinone (complex I) protein 
b GRMZM2G075144 Respiration At: NADH-Ubiquinone/plastoquinone (complex I) protein 
b GRMZM2G176216 Respiration At: NADH-Ubiquinone oxidoreductase (complex I) protein 
b GRMZM2G013798 Ribosomal protein 30S ribosomal protein S2, chloroplastic  
b GRMZM2G444541 Ribosomal protein 30S ribosomal protein S15, chloroplastic  
b GRMZM5G806488 Ribosomal protein 30S ribosomal protein S7, chloroplastic  
b GRMZM2G158333 Ribosomal protein At: Ribosomal protein S7p/S5e family protein 
b GRMZM2G004590 Secondary Metabolism At: shikimate kinase 1 
b GRMZM2G078500 Secondary Metabolism At: catalytic LigB subunit of aromatic ring-opening 
dioxygenase 
b AC217293.3_FG007 Signaling S-receptor kinase 1 
b GRMZM2G053779 Stress Blue copper protein 
b GRMZM2G340257 Sugar catabolism At: Glycosyl hydrolase superfamily protein 
b GRMZM2G169628 Sugar transferase At: UDP-Glycosyltransferase superfamily protein 
b GRMZM2G012874 Sugar transferase At: Nucleotide-diphospho-sugar transferases superfamily 
b GRMZM2G135052 TF MYBR transcription factor 69 
b GRMZM2G131442 Transcription factor myb domain protein 4 
b GRMZM2G127490 Transcription factor myb domain protein 149 
b GRMZM2G038243 Transferase transferase family protein 
b GRMZM2G358540 Transport At: Late embryogenesis abundant  
b GRMZM5G800014 Transport VAMP protein SEC22 
b GRMZM2G014672 Transport transmembrane BAX inhibitor motif-containing protein 4 
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Table 2.5: (cont.) 
Set Genes General Category Annotation 
b GRMZM2G062854 Transporter At: ATP synthase subunit beta 
b GRMZM2G031102 Transporter lipid binding protein 
b GRMZM2G099867 Transporter lipid binding protein 
b GRMZM2G122618 Transporter At: Nucleotide/sugar transporter family protein 
b GRMZM2G126582 Transporter aquaporin NIP-type 
b GRMZM2G024708 Transporter At: polyol/monosaccharide transporter 5 
b GRMZM2G180920 Unknown NA 
b GRMZM2G022907 Unknown NA 
b GRMZM2G405519 Unknown NA 
b GRMZM5G862016 Unknown NA 
b GRMZM5G813608 Unknown Uncharacterized protein ycf70 (ORF69) 
b GRMZM2G157517 Unknown NA 
b GRMZM2G403162 Unknown NA 
b GRMZM5G878073 Unknown NA 
b AC208201.3_FG003 Unknown At: Plant protein of unknown function (DUF828) 
b GRMZM2G010783 Stress At: Hypoxia-responsive family protein 
b GRMZM2G148441 Secondary Metabolism flavone synthase type II 1 
b GRMZM2G016180 Secondary Metabolism At: cytochrome  oxidase 
b GRMZM2G157481 Unknown protein binding protein 
b GRMZM2G041961 Pathogenesis lichenase-2 
b GRMZM2G004572 Unknown At: STRUBBELIG-receptor family 7 
b AC226235.2_FG001 Unknown Isoflavone reductase homolog IRL (EC 1.3.1.-) 
b AC234091.1_FG001 Unknown At: Glycosyl hydrolase family protein 
b GRMZM2G140996 Unknown O-methyltransferase ZRP4 
b GRMZM2G108851 Unknown Dopamine beta-monooxygenase 
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Table 2.5: (cont.) 
Set Genes General Category Annotation 
b GRMZM2G078725 Unknown microtubule-associated protein TORTIFOLIA1 
b GRMZM2G383404 Unknown anthocyanidin 3-O-glucosyltransferase 
b GRMZM2G103512 Unknown At: germin-like protein 5 
 
Table 2.5: List of genes with the tissue specific response to nitrogen described in Figure 2.5.  General functional category was hand-
curated.  Annotation derived from Phytozome.org and MaizeGDB.org descriptions.
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Figure 2.6: Proportion of annotated transcription factor genes which were N-responsive in any 
tissue.  ARF, bHLH, bZip, C3H, EREB, HB, MYB, MYBR, NAC, WRKY, ZIM, and orphan 
classes of transcription factors were enriched in the differentially expressed genes compared to 
the total number of differentially expressed genes (5,585). 
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  Singletons E10 E50 Avg Edges per 
Node 
Total Edges 
low 1,049 254 1,815 315.2 8,194,243 
high 1,275 255 1,672 350.1 9,051,862 
 
Table 2.6: Network characteristics of the high N and low N gene expression networks.  
Singletons are genes with no edges attached.  E10 represents the number of nodes necessary to 
account for 10% of all edges in the network.  E50 represents the nodes needed to account for 
50%.   
 
High N only Shared Low N only 
gene expression gene expression gene expression 
macromolecule biosynthetic 
process 
macromolecule biosynthetic 
process 
macromolecule biosynthetic 
process 
translation translation translation 
multicellular organismal 
process 
multicellular organismal 
process 
 
 
biosynthetic process biosynthetic process  
cellular metabolic process biological regulation cellular nitrogen compound 
metabolic process 
cellular process DNA packaging 
 
cellular respiration homeostatic process 
generation of precursor 
metabolites and energy 
negative regulation of 
molecular function 
metabolic process regulation of biological 
quality 
oxidation-reduction process response to abiotic stimulus 
primary metabolic process response to stimulus 
protein metabolic process response to stress  
response to temperature 
stimulus 
temperature homeostasis 
 
Table 2.7: Gene ontology enrichment terms for the most connected genes in the network (E10) 
for high N and low N.  Many highly interconnected genes were shared in the high N and low N 
networks, and the GO functions of the most connected genes were also often shared, even when 
the specific genes were not. 
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Figure 2.7: Split gene models. A.) Graphic displaying two confirmed co-transcribed adjacent 
genes.  Red dashed line depicts the new alternative intron between the two genes. B.) Highly 
correlated expression values for the two adjacent genes.  GRMZM2G145959 expression shown in 
blue; GRMZM2G167673 shown in black. C.) Confirmed co-transcription for 10 of 12 predicted 
split gene models using PCR to the cDNA.  D.) Summary table of split gene models in the 
B73_refgen_v2.   
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Figure 2.8: qPCR validation of RNAseq.  A.) log2 adjusted expression values from qPCR (x-axis) 
and RNAseq (y-axis). B.) Correlation of nitrogen response fold-change. 
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CHAPTER 3: REGULATION OF NITROGEN RESPONSE: VALIDATION BY 
TRANSCRIPTION FACTOR MUTANTS 
 
Abstract 
Nitrogen metabolism is well characterized, but little is known about regulatory genes controlling 
nitrogen metabolism.  In Chapter 2, a developmental profile of maize nitrogen (N) response was 
mined for candidate genes.  From the nitrogen responsive genes and genes which were co-
expressed with important nitrogen metabolism genes, eight candidate genes were selected for 
characterization of mutations resulting from Uniform Mu transposon insertion.  The mutant 
plants were grown in the N-responsive nursery in 2016, and sampled for RNA during a 
developmental time where the native gene would be expected to be abundant, therefore giving 
the greatest possible transcriptome effect.  Then, qPCR was performed to confirm knockout or 
knockdown of each mutant gene.  Unfortunately, despite selecting transposon insertions in exon 
and promoter regions, most mutants did not decrease expression of the gene of interest.  
However, the zap1-mum1 mutant gave a tissue-specific knockdown of zap1 gene expression only 
in the leaf.  The zap1 gene is closely related to APETALA1 from Arabidopsis, which has been 
well characterized for its role in floral organogenesis.  Recent evidence has shown maize zap1 
may also have a functional role in the leaf.  The zap1-mum1 mutant line retained full gene 
expression in ear tissues, so no floral morphology defects were detected in these plants.  To 
understand genes regulated by zap1 in vegetative tissues, RNAseq profiles were compared 
between the zap1-mum1 and wild-type, from leaves harvested at anthesis from plants grown with 
either deficient or sufficient amounts of N.  876 unique genes were differentially expressed in 
zap1-mum1 for any N treatment.  Among the differentially expressed genes are a large number of 
transcription factors.  The zap1-mum1 mutant showed upregulation of EREB, WRKY, and Myb 
transcription factors, while MYBR and MADS genes were less expressed in the mutant.  In the 
leaf, zap1 may control expression of key transcription factors to control developmental 
processes. 
 
Introduction  
Regulators of N 
Genes involved in nitrogen metabolism are well characterized, and Chapter 2 filled a gap in the 
understanding of their regulation using a developmental expression profile for N response.  
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Using this dataset and co-expression analysis of genes in it, putative regulatory genes can be 
identified.  Candidate genes must be further characterized to determine their ability to regulate N 
metabolism genes or to affect their response to N supply.  An obvious way to assess the function 
of the candidate genes is to study mutants.  The maize community maintains three public 
transposon insertion mutant resources for reverse genetics: the Ac/Ds insertions from the Ac/Ds 
Tagging Project (Vollbrecht et al., 2010), the MuIllumina set from the University of Oregon 
(Williams-Carrier et al., 2010), and the UniformMu mutants from the Maize Co-op (McCarty et 
al., 2009).  Together, these resources cover about half of the genes in the maize genome. 
 
Choice of Mutants 
Based on expression profiling and existing data in the Moose lab that implicate these genes in 
nitrogen response (Figure 3.1), seven genes were selected for further characterization using lines 
that harbor transposon insertion mutations: GATA9, GATA12, mrpi, pit1, platz, tpt, bZip1, and 
zap1.   
 
GATA  
Two closely related GATA transcription factors, GATA and GATA12 showed a high correlation 
with the developmental gene expression pattern for asparaginase in B73 (Figure 3.1D).  
Additionally, the GATA motif has been implicated in the regulation of nitrogen metabolism; this 
relationship is well characterized in fungi, and evidence is accumulating for its role in regulating 
N metabolism in Arabidopsis. 
 
GATA transcription factors are well understood in yeast.  Nitrogen regulation in Saccharomyces 
cerevisiae is performed mainly by two transcriptional activators: GLN3 and NIL1, and two 
repressors: DAL80 and NIL2.  Wild yeasts use a different set of genes which are also GATAs: 
NIT2, gat1 and areA.  GATA genes are important in yeasts outside of N metabolism for light 
regulation, siderophore biosynthesis, mating-type switching and chromatin rearrangement 
(Scazocchio, 2000). 
 
GATA transcription factors are also thought to be generally important for nitrogen metabolism in 
plants and animals.  In plants, there are GATA motifs in the putative regulatory regions of many 
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N metabolism genes.  Nitrate reductase, nitrite reductase, and glutamine synthase all contain 
GATA motifs in their promoter regions (Oliveira and Coruzzi, 1999; Jarai et al., 1992; Rastogi et 
al., 1997).  Another GATA transcription factor was found to regulate shoot apical meristem and 
flower development in Arabidopsis (Zhao et al., 2004).  Also in Arabidopsis, two WRKY 
transcription factors (WRKY53 and WRKY70) act oppositely to regulate senescence, and a 
GATA gene (GATA4) was identified as a potential regulator of WRKY53 (Zentgraf et al., 
2010).  The maize ortholog (GRMZM2G113098) was identified within a QTL for N utilization 
(Liu et al., 2014). 
 
Bi et al. (2005) attempted to characterize all the GATA transcription factor genes in Arabidopsis 
by knocking them out.  They successfully generated knockouts for ten GATA genes. One of the 
mutants, GNC (GATA, nitrate-inducible, carbon-metabolism involved), showed a nitrogen 
response phenotype.  The mutant was also showed sensitivity to glucose.  In the gnc mutant, 62 
genes were downregulated, and many of the differentially expressed genes were involved in 
carbon metabolism.  Overall, GATA genes have strong links to the regulation of nitrogen 
metabolism and should be investigated for their role in maize. 
 
Myb-Related Protein Interacting-1 (mrpi) 
Myb-Related Protein Interacting-1 (mrpi) also showed a high correlation with to asparaginase in 
B73, and the gene was annotated as a C2H2 zinc finger protein, so it could be involved in a 
regulatory role (Figure 3.1).  This gene interacts with ZmMRP-1 (Royo et al., 2009). MRP-1 is 
important for establishing and maintaining transfer cell identity (Gomez et al., 2009).  Transfer 
cells comprise the layer of tissue between the maternal plant and the developing seed and are the 
area where solutes are symplastically loaded into the kernel.  This layer is important for grain fill 
and seed size (Royo et al., 2009).  Absence of a transfer cell layer results in small seeds and 
kernel abortion (Brink and Cooper, 1947).  The transfer cell layer may also play a role in 
pathogen defense (Barrero et al., 2006).  The transfer cell layer is a temporary tissue that exists 
from 6dap until ~17dap (Royo et al., 2009).  Early in seed development, glucose promotes 
transfer cell differentiation, while later in development, glucose is important for cell expansion 
and storage (Sosso et al., 2015).  Carbohydrates in general and glucose in particular induce 
MRP-1 at solute exchange surfaces and responds to transport demands; it may be the primary 
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sensor of solutes (Barrero et al., 2009).  The promoter of this gene is induced in areas of active 
transport between source and sink tissues; these are areas where transfer cells exist, and they 
occur irrespective of differences in species, location, or morphology.  There may be conserved 
induction signals for this kind of transfer or transfer cell identity.  SWEET4c is another gene 
important for transfer cell activity, and it acts in a feed-forward loop with MRP-1 (Sosso et al., 
2015).  This gene was involved in domestication in maize and rice.  It is expressed in the same 
developmental time and tissues as MRP-1.  The transfer cell layer is also regulated by Meg1, 
which is a maternally expressed gene that promotes transfer of solutes into the endosperm (Costa 
et al., 2012).   
 
mrpi-1 and its homolog, mrpi-2, interact with MRP-1 and increase its expression.  The 
interaction was discovered using a yeast two-hybrid assay (Royo et al., 2009).  mrpi-1 is 
expressed in the endoplasmic reticulum and the nucleus (Royo et al., 2014).  Arabidopsis 
mutants in mrpi-1, mrpi-2, and the double mutant showed no noticeable phenotype (Royo et al., 
2009). A better understanding of the N response in the basal endosperm transfer layer would be 
helpful in unraveling N response of source-sink interactions.   
 
pit1 and platz 
The next two mutants were chosen based on annotations as zinc-finger containing transcription 
factors that were nitrogen responsive in the B73 transcriptome (Chapter 2).  The first, pit1, is a 
transcription factor that was downregulated under low N in a robust manner, exhibiting 
differential expression at 4 tissue-times: V10 leaf, 0 days after pollination (dap) leaf, 0dap 
earshoot and 8dap earshoot (Figure 3.1C).  Next, a platz gene showed the opposite pattern as 
pit1; it was upregulated under low N at three developmental stages: 0dap leaf, 8dap leaf and 
8dap earshoot (Figure 3.1A).  The platz class of transcription factor has been implicated in stress 
response in soybeans (So et al., 2015). 
 
tpt 
Another mutant was obtained for tpt, a triose phosphate/phosphate translocator.  This gene was 
shown to be a highly interconnected node in the gene expression correlation network: a “hub” of 
the nitrogen network.  The tpt gene was expressed predominantly in leaves (Figure 3.1B). 
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bZIP1 
A bZIP transcription factor is a strong candidate gene for regulating Asparagine Synthetase (AS) 
expression (Gutierrez et al., 2008).  This bZIP gene likely plays a key role in the regulation of 
asparagine cycling in the seed during peak solute transport at 8 days after pollination.  Additional 
evidence for bZIP1 as a candidate gene for regulation of N metabolism was based on the work 
Christine Lucas and Han Zhao in the Moose lab.  The two had generated markers for a gene that 
initially identified on the basis of gene expression variation between IHP1 and ILP1 using 
microarrays.  However, sequencing the cDNA and genomic products from these genotypes along 
with genetic mapping of variants sequences that mapped equally well to three genomic locations.  
Two loci were on chromosome 3, and one was on chromosome 6.  Based on its sequence and 
weak expression in B73 (Chapter 2), IHP1 and ILP1 (Chapter 4), the chromosome 6 candidate 
gene (GRMZM2G116494) was determined to be a likely pseudogene, and excluded from further 
analyses.  The two remaining genes are located at 138Mb (GRMZM2G024851) and 175Mb 
(GRMZM5G858197) on chromosome 3.  GRMZM2G024851 was shown to have a higher mean 
expression in the B73 developmental profile (Figure 3.1E).  However, GRMZM5G858197 had a 
strong upregulation of gene expression at 8 days after pollination in the earshoot, which is the 
characteristic expression pattern of asparagine synthetase 3 (AS3).  AS3 is putatively regulated 
by bZIP1; the relationship has been described in Arabidopsis (Gutierrez et al., 2008).  A 
UniformMu transposon insertion line was obtained for GRMZM2G024851, and two additional 
MuIllumina transposon insertion lines were also obtained from the University of Oregon 
(McCartey et al., 2009; Williams-Carrier et al., 2010).  Unfortunately, no mutant lines were 
available from any stock center in 2013 for the second candidate gene (GRMZM5G858197); 
however, there now is a Mu-Illumina line containing a Mu insertion within 150bp of the 5’UTR 
of the gene (November 2016).  This gene could be further characterized by members of the 
Moose Lab to characterize its role in the regulation of nitrogen metabolism.   
 
zap1 
The zap1 gene was differentially expressed in the first alignment of the B73 transcriptome.  It is 
more abundant at low N than high N in both leaves and ears. The gene is also annotated as a 
transcription factor, and thus it was a candidate for N response regulation.  MADS box proteins 
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are involved in gene regulatory networks for reproductive development (Gramzow and Theissen, 
2010).  zap1 is a homolog of APETALA1 from Arabidopsis, which has been well characterized 
for its role in floral development.  Four maize genes were found to be closely related to 
APETALA1 in a phylogenetic tree based on amino acid sequence alignments, including zap1 
(Figure 3.2).  APETALA1 is an A-class gene in the ABCD model for floral development.  The 
ap1-1 mutant showed a homeotic phenotype where sepals were replaced by bracts, and tertiary 
buds formed in the axils of each bract, additionally, no petals were formed (Irish and Sussex, 
1990).  At a higher level, APETALA1 works to differentiate an inflorescence meristem into a 
floral meristem (Mandel et al., 1992).  The maize zap1 is 89% homologous with AP1 in the 
MADS box domain, and 70% similar for the remaining protein sequence outside the MADS box 
domain.  It acts in the non-reproductive portions of the flower (Mena et al., 1995).  Based on 
RNA blots, the zap1 gene expression was found to be localized to male and female 
inflorescences, and was not expressed in root, shoot, leaf, endosperm or embryo (Mena et al., 
1995).  Association mapping in a teosinte population identified zap1 as a contributor to variation 
in inflorescence branching (Weber et al, 2007), and a likely target of selection during 
domestication from teosinte. 
 
Although previously considered to be expressed only in floral organs (Mena et al., 1995), recent 
gene expression atlas data has shown expression of zap1 in mature leaves and stems as well 
(Stelpflug et al., 2015; Chapter 2).  The three other maize MADS box genes related to 
APETALA1 also showed broad expression patterns.  Additionally, although the role of MADS 
box genes is fairly well characterized in floral development, their possible function in vegetative 
tissues is less understood.  ZmMADS3, which is allelic to zap1, has been characterized (Heuer et 
al., 2001).  The gene was expressed in reproductive tissues, as expected, but was also expressed 
in the nodes.  The relative expression increased progressively up the stem, with the highest 
expression in nodes close to the tassel.  Ectopic expression of ZmMADS3 caused decreased 
number of nodes and shorter plant height (Heuer et al., 2001). 
 
Mena et al. (1995) commented in their conclusions that they would like to characterize a zap1 
mutant, and they had obtained transposon insertion lines to meet this end.  However, the results 
of this study have not been published to date.  Heuer et al. (2001) also stated a desire to find a 
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MADS3 knockout from transposon insertion in their conclusions, but results are still 
unpublished.  This experiment describes the first mutant of zap1.  However, because the 
transposon knocked out expression specifically in leaves, this mutant cannot confirm the 
expected phenotype of a full knockout of zap1, which would be aberrant floral development.  
Moreover, this experiment will describe the nitrogen response of zap1 in field grown plants.   
 
Materials and Methods 
Mutant Plant Lines 
Candidate genes identified in Chapter 2 were queried against the list of available mutant stocks 
at the Maize Stock Center listed on the gene viewer on maizegdb.org.  Initially, 20 mutant lines 
were obtained to be further characterized.  Additional mutants were obtained from the University 
of Oregon Mu-Illumina mutant stocks for GRMZM2G139160 (mrpi) and GRMZM2G024851 
(bZIP).  UniformMu lines have Robertsons Mutator transposons in known genes (McCarty et al., 
2005).  The Mu-Illumina stocks contain an unnamed Mutator transposon insertion (Williams-
Carrier et al., 2010).  The stock center provides 15 seed from sibling-pollinated F3 plants for 
UniformMu lines.  Individual seeds may therefore be either homozygous, heterozygous or lack 
mutant alleles, with homozygous genotypes being preferred unless they condition lethal 
phenotypes.  Candidate genes were excluded from the characterization pipeline as new 
expression data became available or if assays could not confirm a homozygous insertion line. 
 
Based on bulk sequencing of DNA fragments flanking UniformMu insertions, the mutant stock 
lines differed for number of total insertions and the location of insertions within the target gene.  
The UniformMu lines obtained contained between 2 and 36 total insertions in the initial stock.  
Information about the total number of insertions in the Mu-Illumina stocks was not available.  
Mutant lines containing transposon insertions in exonic regions or 5’ untranslated regions 
(UTRs) were given priority; however, pit1 and mrpi mutants both contained insertions in an 
intron.  Specific locations of the transposon insertions relative to the gene models are described 
in Table 3.1 and Figure 3.3. 
 
Generation of Gene Trees for Mutant Gene Homologs  
Genes which were closely related to the genes of interest were identified and their relationships 
to that gene were quantified.  Genes were identified using BLAST against the maize proteome on 
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maizegdb.org.  The protein sequence was obtained from the maizegdb.org (Andorf et al., 2015).  
BLAST was run using the default, high similarity amino acid search parameters, except the e-
value threshold was increased to 1E-18.  The word size was set at 11, the match score was 1, and 
the mismatch score was -2.  Homologous genes identified by BLAST were then compared using 
Clustal Omega to produce a protein sequence alignment using the default parameters (Sievers et 
al., 2011; Goujon et al., 2010). 
 
Primers for Genotyping 
Forward and reverse primers were designed to the gene sequence surrounding the transposon 
insertion.  Primers for genotyping assays were designed using Primer3 (Untergasser et al., 2012; 
Koressaar and Remm, 2007).  The expected product size was set to 400-800bp, and the relative 
location of the transposon insertion within the gene was specified as the target sequence, so the 
gene-specific primers would flank the insertion.  Parameters were specified to generate 22nt 
primers with an optimal melt temperature of 60°C.  The program was set to output 25 possible 
primer pairs.  Many individual primers in the output were redundant, so fewer than 50 unique 
primers were output.  The primers were checked for specificity in the maize genome using 
BLAST against RefGen_v3 on MaizeGDB.org.  BLAST parameters were optimized for short 
sequences using the settings available at MaizeGDB.  Only primers that matched specifically to 
the gene of interest were used.  A preference was given to primers located at least 250bp from 
the insertion for ease of interpretation on a gel when run with the transposon-specific primer.  In 
total, at least three primer pairs were designed and ordered for each gene.  The possible gene-
specific primer combinations were tested on wild-type DNA, and primer pairs which gave the 
strongest bands at the expected product size were used for genotyping assays.  All gene specific 
primers were also tested in combination with a primer designed to the terminal inverted repeat 
region of the transposon insertion, TIR6.  Again, primer combinations with the strongest bands 
for the expected product were used on the full populations of mutant individuals.  Primers used 
for genotyping assays are listed in Table 3.2. 
 
Genotyping 
Plants were sampled for leaf tissue 4-6 weeks after sowing.  Eight leaf punches were taken from 
the youngest ear and placed in 1.1mL tubes in 96-well plates.  Tissue was then lyophilized using 
a MillRock freeze dryer.  Tissue was frozen at -40°C for 15 minutes, then -30°C for 15 minutes 
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under a vacuum.  The temperature was then brought back up to 25°C while maintaining the 
vacuum over the course of four days.  Lyophilized tissue was then used for DNA extraction.  
Briefly, tissue was ground using steel balls in a GenoGrinder, and 300uL Cell Lysis Buffer (cat: 
2301330, 5PRIME) was added, samples were incubated at 65°C for one hour, then allowed to 
cool to room temperature.  Next, 100uL Protein Precipitation Solution (cat: 2301350, 5PRIME) 
was added to each sample.  The samples were incubated on ice for one hour.  DNA was 
precipitated in isopropanol in a new 1.1mL 96-well plate (cat: AB-1127, Fisher Scientific) and 
washed using 300uL 70% ethanol.  Finally, DNA was eluted in 100uL tris-EDTA. 
 
Each sample was assayed twice: using a gene-specific primer and the Mu-specific primer, TIR6, 
to determine the presence of the transposon insertion in the gene, and also using the flanking 
primers to identify genes containing a wild-type allele at the locus. PCR was performed in a 
25uL reaction using the method described in Chapter 1.  Products were run on a 1% or 2% gel 
depending on expected product size.  Products larger than 400bp were run on a 1% agarose gel, 
with Bioline Hyperladder 1kb (cat: BIO-33026) as the molecular weight ladder.  Smaller 
expected products were run on a 2% agarose gel with Bioline Hyperladder 100bp (cat: BIO-
33030).  All gels were run in 20cm rigs using 600mL of gel.  Gels were run at 120 volts for two 
hours and visualized using UV light in a Syngene gel imaging system. 
 
Primers for Mutant Expression (qPCR) 
Primers were designed to confirm knockout of gene expression in the mutant plants.  NCBI 
Primer BLAST (Ye et al., 2012) was used in August 2015 to design primers which span an exon-
exon junction and generate a product between 100-200 bp.  Primers were checked for specificity 
against the Zea mays Refseq RNA database, excluding predicted transcripts.  Targets were 
limited to 4 mismatches to the primer, rather than the default 6 mismatches.  Other parameters 
were set to default.  Primers were chosen from the output based on expected product specificity 
in the maize genome, and a preference was given to primers which ended in a G or C residue.  At 
least two primer combinations were ordered for each gene, primer pairs were tested for 
compatibility using wild-type cDNA, and the primer pairs with the best product were used to 
quantify mutant gene expression from mutant plants (Table 3.3). 
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Plant Material 
Plants containing the mutant insertion were grown in 2014, 2015 and 2016.  Each year, 
individual plants were self-pollinated and ears were kept separate.  Plants were genotyped using 
the gene-specific primer with the transposon primer to identify plants containing the mutant 
insertion alleles. Plants were also assayed using the two flanking gene-specific primers to 
identify if a wild-type allele was present.  Mutant plants from 2015 and 2016 were sampled.  In 
2015, leaf and earshoot tissues were taken at anthesis.  In 2016, plants were sampled based on 
the peak expression time in B73. All samples were taken between 9 and 11 AM to minimize 
diurnal effects on gene expression.  For mutants where two tissues were sampled, the leaf and 
earshoot tissue were sampled from the same plant.  All leaf samples were taken from a 10 cm 
section, 5 cm from the base of the leaf.  At anthesis, 4cm of earshoot tissue was taken from the 
tip of the earshoot, separated from silks and husks.  Earshoot samples taken 8 days after 
pollination were comprised of a 2 cm wide cross section from the center of the earshoot and was 
comprised of developing kernels and cob tissue.  The cross section was cut into quarters before 
being frozen in liquid N.  At 16 days after pollination, whole seeds were separated from the cob 
by hand and immediately frozen in liquid N.  After flash freezing with liquid N, samples were 
placed in the -80°C freezer for further processing. 
 
RNA Extraction 
RNA was extracted using a CTAB-chloroform method.  Briefly, samples were ground using a 
mortar and pestle in liquid N and 0.2-0.4g of ground tissue was extracted using 1990uL CTAB 
[Fisher O3042] with 10uL beta-mercaptoethanol [Fisher BP176].  Phase-lock tubes [5prime 
2302850] were used to minimize handling steps were contamination could occur and avoid 
transferring the extraction solids or the phenol phase.  RNA was precipitated in 2mL isopropanol 
and washed with 75% ethanol.  DNase I from NEB [M0303] was used to minimize genomic 
DNA contamination from 10-20ug RNA.  After DNase I treatment, samples were reprecipitated 
using ethanol and sodium acetate, then resuspended in Ultra-Pure water. 
 
qPCR 
Mutant tissue samples were assayed for mutant gene expression to confirm a knockout or 
knockdown in the transposon insertion lines.  First, cDNA first-strand synthesis was performed 
using Invitrogen SuperScript III (18080-051).  SYBR Select Master Mix (Applied Biosystems, 
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4472908) was used for qPCR.  20uL reactions were used for all samples, and samples were run 
on an MJ Research Opticon 2.  Three biological replicates each for high N and low N were 
assayed for each gene of interest.  W22 at the comparable biological time point was used as the 
control.  All samples used GAPDH as the housekeeping gene to control for differences in RNA 
concentration.  The genes mrpi, pit1, GATA9 and GATA12 were assayed for 16dap seeds.  The 
zap1-mum1 mutant was assayed at anthesis, and both platz and bZIP were assayed at 8dap.  Both 
leaf and earshoot tissues were analyzed for zap1, platz, and bZIP.  The primers used are listed in 
Table 3.3. 
 
RNAseq 
Illumina libraries were generated by the Carver Biotechnology Center at the University of 
Illinois.  Samples were sent as total RNA in a 96-well plate.  The Carver Biotechnology Center 
generated RNAseq libraries, each individually barcoded.  The 96 libraries were pooled together 
and run in multiplex on eight lanes on an Illumina Hi-Seq 4000, generating 150 nucleotide reads.  
The Carver Biotechnology Center de-multiplexed the samples, and trimmed 3’ adapters from the 
sequencing reads.  Reads were filtered to remove rDNA contamination by aligning reads to 
rDNA sequence using TopHat2 and allowing no mismatches (Kim et al., 2013).  Reads were 
then aligned to the maize genome (RefGen_v3; Schnable et al., 2009) using TopHat2 allowing 
up to five mismatches in a 150nt read, multiple mapping to up to 10 locations and a minimum 
intron length of 25; the remaining parameters were set to default.  Aligned reads were 
summarized by FeatureCounts (Liao et al., 2013) using exon and gene annotations from the 
maize gtf for RefGen_v3.  FeatureCounts discards reads which do not map uniquely in the 
genome.  Differential expression was called between mutant and non-mutant samples using 
EdgeR (McCarthy et al., 2012).  Additionally, genes were called differentially expressed if the p-
value called by EdgeR was less than 0.05, the fold change between zap1-mum1 and W22 was 
greater than two-fold, and mean expression in the leaf for either W22 or zap1-mum1 must have 
been greater than 5 counts per million. 
 
Field Phenotyping 
Plants were sampled for biomass and N content at the R6 growth phase, when plants reached 
physiological maturity.  Four plants were taken from the center of each plot.  Ears were separated 
from vegetative plant material, and plants were chopped in a Vermeer wood chipper.  A 100-250 
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gram subsample of the chipped vegetative plant material was taken for further analysis.  This 
stover tissue was dried in 75°C ovens, and the ratio of dry weight to fresh weight of the 
subsample was used to estimate plot moisture and total sample dry weight.  The stover 
subsample was subsequently ground to a fine powder and analyzed for nitrogen concentration 
using combustion analysis using a Fission NA 2000 N Analyzer.   
 
Phenotypic data for additional traits was collected from individual ears.  Ears were measured for 
ear length, kernel number was counted, and ear weight was taken.  The grain was also measured 
for grain weight and 100 kernel weight.  From these data, kernel number and mean kernel weight 
were calculated.  Grain moisture, starch concentration and protein concentration were estimated 
from near infrared reflectance spectra and calibrations for maize grain composition using a 
Perten DA 7200 Near Infrared Analyzer. 
 
Results 
Generation of Homozygous Mutants 
Mutant stock seed was obtained in 2013, and all 15 seeds provided were planted in the field in 
Urbana, IL.  DNA was obtained for each individual plant, and PCR was performed to genotype 
the plants.  Unfortunately, results from the summer 2013 genotyping were not available before 
pollination, so each individual plant was self-pollinated to generate seed for the next generation.  
Genotyping efforts continued in the summer and winter nurseries, and homozygous mutants 
were obtained in 2015.  In 2016, genotypes of individual plants were confirmed in June, and 
plants were sampled for RNA beginning at anthesis. 
 
Determination of sampling time 
Mutant maize lines were sampled in the time and tissue for which they showed the most 
abundant expression.  Expression profiles from the RNAseq datasets described in Chapter 2 and 
Chapter 4, as well as three other available RNAseq datasets available in the Moose lab were used 
to describe the expression patterns of these genes.  The tpt gene was not sampled for RNA 
expression.  A triose phosphate/phosphate translocator is a transporter not a transcription factor, 
and the mutant would not be expected to change the expression of other genes. 
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Expression of platz was most abundant in leaf tissues from plants grown at low N, and it was 
particularly abundant at 8 days after pollination (dap).  The platz gene was also expressed in 
maize roots, but this experiment was not designed to collect roots because plants were grown in 
the field where intact roots are difficult to obtain.  Expression of zap1 was most abundant in 0 
and 8dap earshoots, which was expected due to its role in floral organogenesis.  The leaf tissues 
during those time points also had moderate gene expression levels, and the gene was more 
abundantly expressed at low N. 
 
Four mutants share a similar gene expression pattern.  GATA9 was overwhelmingly expressed in 
the seed during grain fill compared to all other tissues observed.  GATA12, expectedly, had an 
expression pattern very similar to GATA9.  Similarly, pit1 and mrpi were predominantly 
expressed in seeds during grain fill.  Seed tissues from 16 days after pollination were sampled 
from these three mutants.  This stage was chosen because previous experiments had shown RNA 
integrity may diminish after that point (Chapter 2). 
 
The bZIP1 mutant was sampled at 8dap from the leaf and the ear.  At 8dap, asparagine 
synthetase (AS) expression peaks in the earshoot.  Since bZIP1 is a putative regulator of AS, 
8dap was chosen in order to confirm a change in AS expression level. 
 
Confirmation of expression knockout 
Gene expression of each mutant gene was quantified using qPCR.  The expression of the mutant 
gene was quantified to determine whether the transposon insertion had impacted gene 
expression.  Six of the eight mutants had transposon insertions in genic or promoter regions 
(Table 3.1; Figure 3.3), so if the gene maintained expression, the protein may not be functional; 
however, confirmation of decreased expression is good evidence of a functional change.  Both 
pit1 and mrpi mutants contained transposon insertions in intronic regions, so confirmation of 
decreased gene expression was vital.  These two genes were less likely to generate knockouts 
due to the location of the insertion. 
 
Expression knockout was confirmed by sampling the plants in the morning, at the developmental 
time point and from the tissue where the gene was expected to be most active based on the gene 
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expression profiles, as described above.  Samples were flash frozen in liquid nitrogen, and stored 
at -80°C.  The RNA was extracted shortly after all tissue samples were collected.  Gene 
expression was quantified using qPCR, and mutant samples were compared against W22 control 
samples from the same developmental time point.  Unfortunately, nearly all of the genes did not 
show decreased expression compared to W22.  In fact, the mrpi gene was more abundant in the 
mutant line than in W22.  This may be a result of the mrpi insertion being present in the 
MuIllumina (A188 progenitor) background rather than the Maize Co-Op background.  One gene, 
zap1, showed decreased expression in the mutant and was chosen for further analysis using 
RNAseq. 
 
Based on qPCR quantification, zap1 expression was reduced 16-350 fold in the mutant leaf 
compared to the W22 control (Figure 3.5A).  Using RNAseq counts, zap1 expression was 
reduced 23 fold in the zap1-mum1 mutant (Figure 3.5B).  Likewise, using qPCR to quantify 
expression in the earshoot showed zap1 was 1.7-1.8 fold less abundant for plants grown in high 
N soil.  At low N, however, the gene was 1.8-5.1 fold more abundant in the mutant compared to 
the control at low N (Figure 3.5A).  The zap1 gene was significantly knocked down in the leaf 
regardless of N supply; however, like in the earshoot, the gene was particularly less abundant at 
high N.  At high N in the leaf, zap1 was 1.5 fold less expressed in the RNAseq (0.75cpm in high 
N, 1.17cpm in low N; Figure 3.5B).  For the earshoot samples, only the low N samples were sent 
for RNAseq.  These samples showed approximately the same level of zap1 expression in the 
mutant and W22 (87.5cpm in zap1-mum1, 106.2 cpm in W22; Figure 3.5B).  These data 
demonstrate a tissue-specific knockout of zap1 in leaves but not earshoots. 
 
Ear and Seed Traits 
The putative mutants were N-responsive for several traits.  Most mutants were N-responsive for 
kernel number, ear weight and seed weight.  The platz and tpt lines were not N-responsive for 
ear and seed weight.  Both had higher grain protein concentration at high N, and tpt had heavier 
seeds at high N (Figure 3.4A).  Genetic effects were very small, which is consistent with the 
gene expression results.  GATA9, mrpi and pit1 had very low seed weights and kernel numbers 
at low N, especially compared to the rate at high N.  Ear length, kernel row number, hundred 
kernel weight were all very stable among all lines.  In contrast, starch and protein concentrations 
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were incredibly variable (Figure 3.4A).  The mrpi1 plants had higher grain protein than other 
plants, but the mrpi mutant and bZIP1 mutants were in a different genetic background than other 
mutants.  Differences in phenotype were likely due to genetic background effects. 
 
Among seed traits, phenotypes observed for the zap1-mum1 mutant were similar to the other 
mutant lines where gene expression was unaffected.  The zap1-mum1 mutant showed slightly 
higher kernel number and slightly lower kernel weight than other mutant lines (Figure 3.4A).  
Compared to the W22 control, zap1-mum1 had higher ear weight, seed weight, and kernel 
number.  The mutant had decreased hundred kernel weight, grain protein concentration and grain 
starch concentration.  The zap1-mum1 mutant and W22 were also nitrogen responsive for ear 
weight and grain starch concentration. 
 
Mutants containing the bZIP1-mum1 allele segregated 25% dead kernels.  This could indicate a 
false positive genotyping result identifying plants as homozygous mutants, rather than the 
heterozygous plants actually grown.  The bZIP1-mum2 allele has a devastating effect on the 
maize plant.  Mutant plants were nearly male sterile and had poor silk growth as well.  Leaves 
were thinner and plants were shorter, even among introgression lines, whereas the bZIP-mum1 
and mrpi introgressions into W22 and B73 generated very tall plants. 
 
RNAseq Read and Alignment Summary 
The gene expression impacted by the loss of zap1 gene expression was assessed using RNAseq.  
Leaves and earshoots from the zap1-mum1 mutant and W22 as a control were sequenced using 
an Illumina 4000 at the Carver Biotechnology Center at the University of Illinois.  Sequencing 
produced 380 million reads on average per lane, which resulted in 32.2 million reads on average 
for each library from the flowcell.  For this experiment in particular, each library had on average 
32.6 million reads (min = 23.8 million; max = 46.2 million).  On average 27.7 million total reads 
aligned per library (22.0-35.7 million, 72%-89% of reads).  This range of values is expected for 
the relatively stringent alignment parameters and the genotypic differences between W22 or the 
zap1-mum1 mutant to the B73 reference genome.  Of the reads that aligned, 5.6 million reads on 
average mapped to multiple locations in the genome.  Two samples had much higher levels of 
multiple mapped reads.  One replicate of the zap1-mum1 0dap earshoot at low N had about half 
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of its aligned reads (12.1 million) map to multiple locations.  Likewise, one replicate of W22 
0dap leaf at low N had 13.7 million reads map to multiple locations.  In total, between 12.9 and 
27.3 million reads per library (average: 22.1 million) aligned uniquely to the maize genome 
(Table 3.4).  These unique reads were counted using FeatureCounts and used for further analysis. 
 
Principal Component Analysis 
Principal component analysis was performed on the RNAseq reads.  First, a PCA was performed 
using all samples for the zap1 experiment.  However, the earshoot and leaves separated so 
strongly as to dwarf any variation within tissues.  Therefore, a second PCA was generated using 
only the leaf tissues (Figure 3.7).  This analysis was more informative about the experiment 
because expression of zap1 was knocked out exclusively in the leaves, and these samples would 
be expected to differ the most from the wild type control.  The mutants and W22 samples 
separated strongly along PC2.  The zap1-mum1 high N and zap1-mum1 low N replicates 
clustered closely with the other zap1-mum1 samples for each N treatment.  The clusters were 
separated along PC1 based on N treatment.  The W22 samples did not show the same N response 
along PC1; the low N and high N samples were separated in pairs along the eigenvector. 
 
Differentially Expressed Genes 
Genes were called differentially expressed if the fold change was greater than two-fold and the 
p-value from EdgeR was less than 0.05.  Additionally, genes were excluded if they expressed at 
less than an average of 5 counts per million in the leaf of either zap1-mum1 or W22.  Differential 
expression between zap1-mum1 and W22 was determined separately for the high N and low N 
treatments.  Under low N, 622 genes were differentially expressed.  Of those, 499 were more 
abundant in zap1-mum1 than W22, and 123 were less abundant.  At high N, 413 genes were 
differentially expressed; 225 increased expression in the mutant, and 188 decreased expression 
(Table 3.5). 
 
For several genes, the N treatment did not affect the mutant response. There were 160 genes 
which were differentially expressed in both N treatments.  Of those, 104 were always more 
abundant in the zap1-mum1 mutant, and 47 were always less abundant in the mutant.  Nine genes 
were differentially expressed in different directions depending on N treatment.  Three were down 
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in the mutant in low N, but up in the mutant at high N.  Six showed increased expression in the 
mutant at low N, and decreased expression at high N. 
 
Annotation of Differentially Expressed Genes 
Differentially expressed genes were annotated for enriched gene ontology terms using AgriGO 
(Zhou et al., 2010).  Only four gene ontology terms were enriched among genes which showed 
decreased expression in the zap1 mutant for any N level.  Three terms were from the molecular 
function ontology.  The only biological process that was enriched among these genes was 
oxidation-reduction (GO:0055114).  Of 264 total downregulated genes, ten can be categorized 
into this descriptor. 
 
The genes which were showed increase in expression in the zap1-mum1 mutant for either N level 
were enriched for 45 gene ontology terms.  Of those 40 were biological processes and 5 were 
molecular functions.  Among the enriched biological processes, 16 were annotated as involved in 
regulation.  Likewise, 107 of the 620 genes upregulated were categorized under the high-level 
annotation of biological regulation (GO:0065007).  Based on this enrichment of regulatory 
functions, the specific categorization of the differentially expressed transcripts was explored 
further. 
 
Genes were categorized into transcription factor families using the “Maize TFome” (Burdo et al., 
2014).  Several classes of transcription factors were enriched in genes whose expression was 
significantly altered in the zap1-mum1 mutant (Figure 3.8).  Of those, the enrichment was often 
robust to N treatment (Table 3.6).  EREB, WRKY, and Myb transcription factors increased in 
expression in the zap1 mutant, while MYBR and MADS genes decreased in expression.  The 
bHLH class of transcription factors was also upregulated in the zap1-mum1 mutant, and the 
response was only seen in the low N treatment.  These results indicate zap1 may play a role in 
integrating the regulatory response to nitrogen with developmental signals. 
 
Nitrogen Response in the zap1-mum1 mutant 
The zap1 gene was observed to be N-responsive in B73 leaves, and was generally more abundant 
at low N.  To see the effect of zap1-mum1 on nitrogen response, the differences in nitrogen 
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responsive genes in the zap1-mum1 mutant were compared to the differentially expressed genes 
in the W22 control.  This analysis used a different expression cutoff for this analysis because 
nitrogen responsive genes were not expected to have very different expression values between 
W22 and zap1-mum1.  Like before, the gene must have been 2-fold differentially expressed; 
however, the logCPM value from EdgeR must have been greater than 2, the gene must have been 
expressed at least 4 counts per million across the tissues compared rather than in any single 
genotype.   
 
In zap1-mum1, 222 genes were upregulated in low N and 188 genes were downregulated in low 
N.  For W22, 189 genes were upregulated in low N, but only 14 genes were downregulated in 
low N.  The very small number of differentially expressed genes in the control was worrisome 
because similar comparisons of the B73 genotype detected hundreds of differentially expressed 
genes (Table 2.2).  When comparing the nitrogen response of the zap1 mutant and W22, 66 
genes were differentially expressed for both genotypes under low N, and 4 were both identified 
at high N.  Among the 4 overlapping at high N were two genes annotated as NIN-like.  NIN-like 
genes are master regulators of nitrate response (Konishi and Yanagisawa, 2013).   
 
The Gene Ontology (GO) enriched terms were different between zap1-mum1 and W22.  Both 
showed an enrichment for carbohydrate metabolism genes among genes upregulated at low N, 
but no other GO term overlapped among the differentially expressed genes.  The N response in 
zap1-mum1 involved photosynthesis and various sugar processes, while the W22 plants showed 
enrichment for secondary metabolism and stress response.  Among the 66 genes identified in 
both genotypes, additional carbohydrate metabolism terms were identified, as was nitrogen 
metabolism, including asparagine synthesis.  Too few genes were identified as upregulated under 
high N to perform a GO enrichment analysis for W22 or the overlapping genes.  However, the 
zap1-mum1 mutant showed an enrichment in genes involved in nitrate metabolism, transport, and 
response to stress (Table 3.7). 
 
Assessment of Splice Junction Variation in zap1-mum1 
Ear and leaf RNAseq alignments were analyzed to determine a role for differential splicing 
between the two tissues in existing RNAseq data (Chapter 2; Chapter 4).  Junction fragments 
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within the genomic space of zap1 (Chr2: 236,669,999-236,678,175; RefGen_v3) were plotted by 
the upstream location and their score.  This generated a map of evidence for splice sites along the 
zap1 gene.  No splice junctions were found in the space between the start of zap1 and the 
preceding gene in the genome, so no evidence exists for variation in the promoter or 5’UTR in 
the junction fragments.  Across existing RNAseq data for the inbred lines B73, IHP1 and ILP1, 
there was little evidence for large-scale alternative start site use in a specific tissue.  A small 
amount of variation was seen in the leaf tissues, which was located within ten base pairs of the 
junction site (Figure 3.6A).  The scores for the junction fragments differ between leaf and 
earshoot samples; however, those differences reflect differences in abundance of zap1 in leaf and 
seed tissues.  Similar results were also observed in the W22 and zap1 junction fragment data 
(Figure 3.6B). 
 
Discussion 
This experiment identified available transposon insertions in candidate genes that had distinctive 
expression patterns across development and specific annotations that indicated a potential role in 
nitrogen regulation.  Based on prior genetic data from maize and systems biology analysis in 
Arabidopsis (Gutierrez et al, 2008), the bZIP1 gene had the strongest evidence for regulating N-
responsive gene expression.  Additionally, mrpi was interesting because its predicted function in 
promoting differentiation of transfer cells that play a critical role in source-sink relationships, 
which are important for nitrogen use efficiency.  Likewise, analysis from yeast and Arabidopsis 
suggests that the GATA family of transcription factors can activate or repress N metabolism 
genes.  Other genes selected for mutant analysis were N-responsive and either annotated as 
transcription factors or were hubs in the N response networks.  This experiment was designed to 
be a funnel and do a deep-dive characterization of one mutant.  Poor results for reduction of gene 
expression by transposon insertion in most genes tested led us to study a single mutant in detail, 
zap1-mum1. 
 
Based on expression measured by qPCR, zap1 mutants were chosen to be further characterized.  
The zap1 gene is the maize ortholog of APETALA1 in Arabidopsis (Mena et al., 1995), and its 
canonical role is in floral development. Because gene expression was decreased only in the 
leaves of the zap1-mum1 mutant plants and unchanged in the earshoots, the tissue-specific 
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knockdown observed in this mutant generated a unique opportunity to characterize any 
additional roles for zap1 outside of floral organ determination. 
 
Although previously considered to be expressed only in floral organs (Mena et al., 1995), zap1 
has recently been found to express at similar levels in leaves and stems (Stelpflug et al., 2015; 
Figure 3.1H).  Similarly, although MADS box genes in general have been studied extensively for 
their role in floral development (Theissen, 2001), several studies have shown a role for MADS 
box genes in vegetative development (Ma et al., 1991; Fleming et al., 1993; Mandel et al., 1994; 
Rounsley et al., 1995; Alvarez-Buylla et al., 2000).  ZmMADS3, which is closely related to 
zap1, is expressed in expressed in stem nodes in addition to being expressed in reproductive 
tissues.  The stem expression may be important for determining the number of nodes in the 
maize stem (Heuer et al., 2001).  The expression of zap1 in the leaves suggests this gene could 
also play a role in vegetative plant growth and development. 
 
The phenomenon of a transposon insertion causing decreased expression only in one tissue is 
unusual, and should be further investigated.  One possible explanation for knockout in the leaf 
and maintained expression in the reproductive tissues could be alternative splicing, which would 
result in the transposon being spliced out of the seed sample, but retained when expressed in the 
leaves.  The MADS box family is known to show flexibility in splicing.  A zap1 relative 
(ZEMa/zag4/ GRMZM2G531231) was shown to be alternatively spliced in maize endosperm 
(Montag et al., 1995).  However, evidence from splice junctions observed in a broader RNAseq 
dataset from B73, IHP1 and ILP1 expression profiles failed to show strong differences in splice 
location for leaf and ear tissues (Figure 3.6A).  The splice junctions from the W22 control for the 
samples in this study showed some intron splice site variability in the leaf compared to the ear 
(Figure 3.6B).  However, this evidence is counter to splice site flexibility being the reason the 
earshoot tissue can maintain expression of zap1 despite the insertion of a transposon in its 
5’UTR. 
 
With little evidence for tissue specific splice variation as the cause for the differences in 
expression between tissues in the mutant, other explanations must be considered.  The 
transposon insertion in zap1 landed in the 5’UTR (Figure 3.3), so frequent transcription initiation 
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from a highly-active promoter may be able to overcome the potential disruption.  Thus, the 
earshoot may be able to maintain zap1 expression, whereas the leaf expresses zap1 at a lower 
level and thus is more strongly affected by the transposon insertion.  The transposon landed in a 
motif annotated by the program GOMo (Gene Ontology for Motifs) for its involvement in 
chloroplasts (Buske et al., 2010).  This could indicate a disruption of expression in leaves; 
however, maize motif identification and annotations require additional validation. 
 
Gene ontology (GO) enrichment analysis for all differentially expressed genes showed 
overwhelming enrichment for multiple GO categories involved in regulation.  Based on that 
result, an assessment of specific transcription factor categories was performed.  The zap1-mum1 
conditioned changes to the expression of transcription factor families in leaves.  MYBR and 
MADS genes were downregulated in the mutant, and thus were putatively activated by zap1 in 
the leaves.  In contrast, EREB and WRKY transcription factors were upregulated in the mutant, 
and zap1 may repress these genes in its native role.  Some EREB genes have roles in 
developmental progression of the plant.  This series of transcription factors may act in 
coordination to signal to the plant for developmental progression at anthesis. 
 
Future work using CRISPR-Cas9 gene editing would be able to confirm the cause of this 
expression pattern.  New lesions at the same location as the transposon insertion could be 
designed to disrupt the putative motif sequence, and if the motif is causal, the edited mutant 
would be expected to recapitulate the tissue-specific decreased in expression.  Additional 
variants using CRISPR-Cas9 could also be used to generate a complete knockout of zap1, 
assuming the knockout is viable.   
 
Effect of Nitrogen 
Under replete or deficient field nitrogen, distinct sets of genes were identified as differentially 
expressed between the zap1-mum1 mutant and W22 control.  The zap1-mum1 mutant was more 
N-responsive at low N.  In particular, over twice as many genes increased in expression in the 
mutant under low N than any other response. Under low N plants progress to reproductive phase 
more quickly than high N.  These plants sense a stressor and will release pollen as quickly as 
possible in response.  The 499 genes which increased in expression under low N in the mutant 
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would be kept off under normal conditions.  Recall, increased expression of ZmMADS3, a 
homolog of zap1, caused fewer internodes and shorter plants (Heuer et al., 2001).  A key role for 
zap1 may be in delaying the onset of the reproductive phase, or at least the leaf response to a 
rapidly-expanding reproductive sink.  Up to a certain threshold, there is a strong link between 
extended vegetative growth and maize yield; plants which are photoperiod sensitive are limited 
in their capacity to convert increased vegetative growth into grain biomass. 
 
The response to nitrogen within the zap1-mum1 mutant was different than the N response in the 
W22 control.  Under low N, about equal numbers of genes were upregulated in the zap1-mum1 
mutant and W22, including 66 genes identified in both.  These genes were involved in a variety 
of processes, predominantly around carbon metabolism.  The W22 plants sampled were 
strikingly unresponsive to high N; only 14 genes were downregulated under low N.  In contrast, 
zap1-mum1 had 188 genes decrease expression under low N.  Among the small response in W22 
were two genes annotated as nodule inception like (NIN) genes.  These genes have been shown 
to be central regulators of nitrate response (Konishi and Yanagisawa, 2013), and they remain 
consistent despite the loss of zap1.  Any role for zap1 in nitrogen response is not likely due to 
direct influence on nitrogen assimilation or metabolism.  However, zap1 may play a role in 
influencing development, which can have profound effects on carbon-nitrogen balance, 
senescence and other vital traits that contribute to overall yield and nitrogen use efficiency. 
 
Phenotypic Effect 
The zap1-mum1 mutant had no obvious growth defects in the field.  Moreover, pollination was 
completely normal, and no defects in the flowers were visible.  zap1-mum1 was N-responsive, 
and had improved kernel traits compared to the W22 control.  The zap1 gene was only knocked 
out in the leaves, but phenotypic differences were apparent in the ear and seeds.  A key theme in 
this thesis is to identify changes in the vegetative plant which affect traits in the seeds.  Improved 
nitrogen use efficiency requires coordinated N response between different tissues and balanced 
source-sink relationships. 
 
Additionally, seeds planted from one individual ear harboring the zap1 mutation segregated for 
albinism.  Unfortunately, the albinism did not correlate specifically with zap1 mutant status, as 
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the row was homozygous for zap1 transposon insertions.  However, there could be an epistatic 
effect with a different locus that could cause the phenotype.  Knocking out agl23, a MADS box 
gene in Arabidopsis was shown to have an albino phenotype (Gramzow and Theissen, 2010).   
 
Many transposon insertion lines that were expected to be homozygous mutants maintained wild-
type expression levels.  This may be due to incorrect genotyping or reflect apparently normal 
mRNA expression despite the presence of transposon insertions within predicted transcripts.  
The pit1 and mrpi genes had insertions into introns, so it is not surprising that the transposon 
insertions did not knock out these genes.  The expression of other genes appears to compensate 
in some way for the presence of transposon insertions.  The characterized mutant zap1-mum1 
was able to overcome the transposon in one tissue and maintain high expression in the earshoot; 
however, a knockout was generated for leaf tissues.  It is not clear how gene expression of the 
zap1-mum1 mutation continues to be maintained at wild-type levels in the seed.  To validate 
genes going forward, new technologies such as CRISPR-cas9 have several advantages for 
functional validation, not least of which is the increased likelihood of generating a true knockout.  
Better than a knockout, however, future CRISPR-cas9 experiments in plants could perform 
promoter swaps to test ectopic expression of genes of interest that may actually improve the trait 
of interest rather than simply describe a gene’s effects. 
 
Conclusions 
Utilizing available mutant stocks is a good way to begin to validate and characterize putative 
regulators of nitrogen metabolism.  Unfortunately, in this study, only the zap1-mum1 mutant 
stock showed a confirmed strong reduction in expression of the target gene, but the zap1 gene 
does not appear to play a large role in regulating N metabolism.  The mutant gene expression 
profiles showed clear differences under low N and high N in the PCA plot, and 410 genes were 
N-responsive.  The N response in zap1-mum1 was different from the W22 control plants; 
however, there were not clear genetic pathways affected by N.  This mutant in zap1 knocked out 
expression in the leaf but not the earshoot.  The peculiar expression pattern of this mutant leaves 
the door open for the characterization of the floral phenotype of a zap1 mutant.  Such a mutant 
would confirm zap1 as the APETALA1 functional homolog in maize.  This zap1 mutation 
caused only mild phenotypic changes to the maize plant grown in the field under replete and 
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deficient nitrogen.  Further attempts to find true knockouts of the other six candidate genes and 
characterize them using the pipeline for zap1 could lead to additional insights about regulation of 
N metabolism. 
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Figures and Tables 
 
 
Figure 3.1A: Summary of platz gene expression.  The top panel shows expression patterns 
across all experiments.  The Ammonia experiment was performed on Gaspe Flint plants at 
anthesis.  Roots, shoots, and earshoots were sampled from plants treated with nitrate or ammonia 
and sampled at 0, 4, or 8 hours after treatment.  B73 Development was described in Chapter 2, 
and ILTSE Development will be described in Chapter 4.  Kernel Culture was done on dissected 
kernels from high or low field nitrogen plots placed in high or low N media.  Glossy15 
transgenic samples were taken from stems of glossy15 overexpression lines or controls at and 
after anthesis. 
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Figure 3.1B: Summary of tpt gene expression.  Samples as described in Figure 3.1A. 
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Figure 3.1C: Summary of pit1 gene expression.  Samples as described in Figure 3.1A. 
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Figure 3.1D: Summary of GATA12 gene expression.  Samples as described in Figure 3.1A. 
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Figure 3.1E: Summary of bZIP gene expression. Samples as described in Figure 3.1A. 
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Figure 3.1F: Summary of mrpi gene expression. Samples as described in Figure 3.1A. 
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Figure 3.1G: Summary of GATA9 gene expression. Samples as described in Figure 3.1A. 
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Figure 3.1H: Summary of zap1 gene expression. Samples as described in Figure 3.1A. 
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Figure 3.2: Gene tree of zap1 and APETALA1.  Gene tree generated from protein sequences 
using Clustal Omega. 
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GRM Mu Insert Stock Location 
of 
Insertion 
Short 
Name  
Location in Genome 
(RefGen_v3) 
Location in 
Gene 
Total 
insertions in 
stock 
GRMZM2G094168 mu1029452 UFMu-
03013 
Exon platz Chr1: 98,770,498..98,772,402 768-776 5 
GRMZM2G148693 mu1047395 UFMu-
06066 
5' UTR zap1 Chr2: 236,669,675..236,679,078 44-52 5 
GRMZM2G067171 mu1014327 UFMu-
02018 
Exon gata9 Chr3: 141,471,190..141,473,058 1167-1175 5 
GRMZM2G024851 mu1014319 UFMu-
02271 
Exon bZIP-
Ufmu 
Chr3:138,907,337…138,907,345 574-582 36 
GRMZM2G070605 mu1061131 UFMu-
08229 
Exon tpt Chr8: 29,722,314..29,725,061 1999-2007 18 
GRMZM2G023755 mu1040117 UFMu-
02969 
Intron pit1 Chr8: 93,946,443..93,948,966 1204-1212 2 
GRMZM2G118214 mu1055666 UFMu-
07430 
Exon gata12 Chr10: 9,409,405..9,411,344 1156-1164 30 
GRMZM2G024851 mu-illumina 
221862.6 
R83-3 Exon bZIP-
mum1 
Chr3:138,906,419…138,906,966 -344-203 unknown 
GRMZM2G024851 mu-illumina 
734800.6 
L413-12 Exon bZIP-
mum2 
Chr3:138,907,557…138,907,567 794-804 unknown 
GRMZM2G139160 mu-illumina 
257742.3 
R105-5 Middle of 
Intron 
mrpi Chr8:171,361,298…171,362,053 3028-3783 unknown 
Table 3.1: Summary of mutant gene insertions 
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Figure 3.3: Schematic of candidate gene models.  Blue triangles represent locations of 
UniformMu transposon insertion identified by McCarty et al. (2009), blue triangles with purple 
represent MuIllumina transposon insertions identified by Williams-Carrier et al. (2010).  Yellow 
triangles represent flanking genic primers used for genotyping.  Purple triangles represent qPCR 
primers; purple triangles with dashed lines and bars represent the primer sequence overlapping 
an exon junction in the gene sequence. 
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Figure 3.3 (cont.) 
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Gene of 
Interest 
Primer Primer Sequence Primer Location 
(RefGen_v3) 
platz F1094 CCAATTCAAATGCTTCGCCATCGAG Chr1: 98,770,991 
platz R1567 CCTTGCATCCAGGCCTCTGCT Chr1: 98,771,464 
zap1 F2 ACGCATCACCTGCAGTAATCTA Chr2: 236,669,369 
zap1 R1 CTATCCGCTTCAGCTGTACCTT Chr2: 236,669,947 
zap1 R2 GGCACGTATTCAATTCAACAAA Chr2: 236,670,160 
bZIP F_-179 TTCCCCCATCCACACGAGTA Chr3: 138,906,584 
bZIP R610 CGTGGTGACCCAAACTGCAC Chr3: 138,907,373 
bZIP R_930 CACATTGTCAAACTCGTACATGC Chr3: 138,907,693 
gata9 F1480 CCGATCTTGGAGCCTGGGTCAGT Chr3: 141,472,069 
gata9 F1528 AAGCCTCTGAAACGGGGGAGACC Chr3: 141,472,117 
gata9 R2150 AGCAGCCGCGAGTCCAGAGAG Chr3: 141,472,739 
gata9 R2217 GGCTCTGGCTAGCTAGTGGACCAA Chr3: 141,472,806 
mrpi muR-F TAGCTATCTCAGTGCCAGACCA Chr8: 171,360,814 
mrpi muR-R GATCGTGTTGGGAAAATTTGAT Chr8: 171,361,352 
tpt R1521 GAGCAAATCGTAAACAACAGACC Chr8: 29,723,541 
tpt F697 CAACGTCATATTCAACATCCTCA Chr8: 29,724,365 
pit1 F654 ACATTGGCTACACCTTGTTGTG Chr8: 93,947,096 
pit1 R1558 CCGTGTTAGAAAGGGTACAAGC Chr8: 93,948,000 
gata12 F2 TCAGTTCCCGACGTTTACCT Chr10: 9,410,309 
gata12 F3 AGCGGTGTACCTCGTCAAGA Chr10: 9,410,404 
gata12 R2 GCGGGTACTCCTCCTTCAC Chr10: 9,410,819  
TIR6 AGAGAAGCCAACGCCAWCGCCTCYATTTC
GTC 
 
 
EOmu 
mix 
GCCTCYATTTCGTCGAATCCS 
 
 
Table 3.2: Primer sequences for mutant identification and their locations in the maize genome. 
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Gene 
Forward 
Primer 
mRNA 
Location 
Reverse 
Primer 
mRNA 
Location 
Exon 
Junction 
Expected 
Size Forward Primer Reverse Primer 
bZIP F39 R185 172/173 146 TCGTTTATCCGCCTCCCATC GTGGTGACCCAAACGATCCG 
gata12 F50 R167 157/158 117 TTCCCCTTGTTCTGCTGACG ATCCAGGCGGCTCTCCTTTG 
gata9 F35 R135 44/45 100 CAAAGGAGAGGCGCAGC ACTCCTCTCCTCGGCCAC 
mrpi F715 R842 834/835 127 AGGAGACCGCAAAGGACG CTCCGTCACTGCATGCCT 
pit1 F447 R753 455/456 306 GCGATCACGTTCACCATTATGC AGCTTGCATTGAGATTCATTGGCT 
platz F972 R1075 981/982 103 CACACGCGCGGGCAATG GACCGAATGGCATCCACCTC 
zap1 F891 R1069 901/902 178 CACAACATCTGCTTCCCGCC GCGTACGTCATGATCCATCG 
 
Table 3.3: qPCR primer sequence and location. 
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Figure 3.4A: Boxplots of field traits taken from candidate mutants ears at maturity in 2016.  
Grain moisture, protein, and starch were measured using a Perten Near Infrared Analyzer. 
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Figure 3.4B: Seed and ear traits measured from field grown zap1 mutant plants in 2016.  Grain moisture, protein, and starch were 
measured using a Perten Near Infrared Analyzer.  Representative self-pollinated ears of zap1 mutants from high and low nitrogen 
plots. 
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Figure 3.5: zap1 gene expression in W22 and W22-UniformMu: zap1-mum.  Bars in green 
represent W22 leaf tissue, bars in gold are W22 earshoots, dark gold are zap1-mum earshoots, 
and blue are zap1-mum leaves.  Expression is knocked out in zap1 mutants exclusively in the 
leaf; expression is maintained in earshoot tissues.  The expression pattern was observed using 
both qPCR (left) and RNAseq (right).  Median gene expression in the RNAseq was 8 normalized 
counts per million. 
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Genotype Dev. Time Tissue N Rep Total Reads 
Reads 
Aligned 
Uniquely 
Aligned 
Genes 
Percent 
Aligned 
Percent 
Uniquely 
Aligned 
W22 0dap  Leaf Low N 1 42,253,765 35,798,471 22,056,985 84.7 52.2 
W22 0dap  ES Low N 1 35,618,317 31,520,339 27,336,193 88.5 76.7 
W22 0dap  Leaf Low N 2 27,822,600 23,988,875 20,972,057 86.2 75.4 
W22 0dap  ES Low N 2 25,073,112 22,008,208 18,021,184 87.8 71.9 
W22 0dap  Leaf Low N 3 27,142,633 22,199,271 19,236,902 81.8 70.9 
W22 0dap  ES Low N 3 31,063,562 27,600,876 24,760,034 88.9 79.7 
W22 0dap  Leaf High N 1 30,500,791 24,424,681 19,121,614 80.1 62.7 
W22 0dap  ES High N 1 30,279,312 26,895,092 20,863,665 88.8 68.9 
W22 0dap  Leaf High N 2 30,585,080 25,780,792 18,103,727 84.3 59.2 
W22 0dap  ES High N 2 31,846,991 27,884,250 24,156,961 87.6 75.9 
W22 0dap  Leaf High N 3 32,527,351 27,928,207 19,638,932 85.9 60.4 
W22 0dap  ES High N 3 31,143,729 27,426,710 20,753,694 88.1 66.6 
zap1 0dap  Leaf Low N 1 31,633,702 28,212,285 20,169,008 89.2 63.8 
zap1 0dap  ES Low N 1 37,064,133 30,326,330 25,832,450 81.8 69.7 
zap1 0dap  Leaf Low N 2 32,161,014 27,482,589 25,117,658 85.5 78.1 
zap1 0dap  ES Low N 2 36,148,122 26,054,912 13,942,010 72.1 38.6 
zap1 0dap  Leaf Low N 3 34,235,563 28,963,563 24,596,420 84.6 71.8 
zap1 0dap  ES Low N 3 30,181,309 26,430,938 17,272,094 87.6 57.2 
zap1 0dap  Leaf High N 1 33,908,728 29,000,312 23,364,133 85.5 68.9 
zap1 0dap  Leaf High N 2 37,282,614 31,656,506 25,955,368 84.9 69.6 
zap1 0dap  Leaf High N 3 34,165,744 29,402,931 26,636,669 86.1 78.0 
 
Table 3.4: Read and alignment summary for RNAseq. 
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Figure 3.6A: splice junction sites in the zap1 gene.  Average scores for B73 RNAseq junction 
reads from TopHat were plotted against genomic location.  The ear tissues have stronger 
expression for zap1, so the scores are higher.  The zap1 gene uses approximately the same sites 
for exon junctions in the leaf and ear tissues. 
 
 
 
Figure 3.6B: splice junction sites in the zap1 gene.  Average scores for W22 and zap1 mutant 
RNAseq junction reads from TopHat were plotted against genomic location.  The ear tissues 
have stronger expression for zap1, so the scores are higher.  Both zap1 and W22 earshoots use 
the same splice sites; however the W22 leaf appears to be promiscuous in the splice junctions.  
The zap1 mutant did not express zap1 in the leaf at an appreciable level. 
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Figure 3.7: Principal component analysis of the leaf samples for zap1 and W22 control.  The 
zap1 genes cluster tightly and the two N treatments are distinct.  The W22 samples and zap1 
samples separate strongly along PC2.  However, PC1 accounts for 96.5% of the variance in the 
samples and the distribution of samples along PC1 do not represent a clear break in the data.  
Earshoot samples were excluded from the PCA because gene expression is not knocked out in 
the zap1 mutant earshoot, and previous PCAs have shown tissue is the strongest source of 
variation in RNAseq data (see chapters 2 and 4; Sekhorn et al., 2013). 
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  Increased 
in zap1 
Decreased 
in zap1 
Changed in 
zap1 
High N 225 188 413 
Low N 499 123 622 
Both 104 47 160 
Total 620 264 875 
 
Table 3.5: Summary of differentially expressed genes 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.8: Enrichment of transcription factor families among differentially expressed genes in 
zap1 mutants/  Red bars represent proportion of genes annotated as belonging to a transcription 
factor family relative to the number of differentially expressed genes.  Grey bars represent the 
proportion of all genes belonging to each transcription factor family. 
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TF Class Down in Low N Down in High 
N 
Up in Low N Up in High N 
EREB 0 0 12 5 
WRKY 0 1 7 4 
MYBR 4 4 0 0 
MADS 3 3 0 1 
HSF 0 0 4 1 
MYB 0 0 3 2 
bHLH 0 1 3 0 
GLK 1 1 1 1 
HB 0 0 2 2 
C3H 0 0 1 2 
GATA 0 0 1 2 
CA5P 0 0 0 2 
GBP 0 0 1 1 
IAA 0 0 0 2 
MED 1 1 0 0 
NAC 0 0 1 1 
ARF 0 0 0 1 
BAF 0 0 1 0 
bZIP 0 1 0 0 
CSD 0 0 1 0 
DOF 0 1 0 0 
LBD 0 1 0 0 
MTERF 0 1 0 0 
PLATZ 0 0 1 0 
Orphan 0 0 6 5 
 
Table 3.6: Number of differentially expressed transcription factors in zap1 mutants. 
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Figure 3.9: Summary of differentially expressed genes in response to nitrogen in zap1 and W22. 
A.) Genes upregulated at low N B.) Genes downregulated under low N 
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Table 3.7: Summary of GO enrichment of differentially expressed genes in response to nitrogen 
in zap1 and W22. 
Up in:
GO Term Genotype zap1 W22 both zap1 W22 both
GO:0005975 carbohydrate metabolic process 5.40E-05 0.0022 0.017
GO:0006542 glutamine biosynthetic process 0.022 0.033
GO:0000041 transition metal ion transport 0.00098
GO:0044262 cellular carbohydrate metabolic process 0.0012
GO:0009765 photosynthesis, light harvesting 0.0048
GO:0005991 trehalose metabolic process 0.0057
GO:0016138 glycoside biosynthetic process 0.0061
GO:0016137 glycoside metabolic process 0.012
GO:0042221 response to chemical stimulus 0.014
GO:0006694 steroid biosynthetic process 0.022
GO:0008202 steroid metabolic process 0.03
GO:0006013 mannose metabolic process 0.032
GO:0006979 response to oxidative stress 0.039
GO:0006935 chemotaxis 0.0014
GO:0007626 locomotory behavior 0.0014
GO:0007610 behavior 0.0017
GO:0009664 plant-type cell wall organization 0.003
GO:0040011 locomotion 0.0073
GO:0000256 allantoin catabolic process 0.0095
GO:0042126 nitrate metabolic process 0.019
GO:0050896 response to stimulus 0.026
GO:0006950 response to stress 0.036
GO:0015698 inorganic anion transport 0.041
GO:0019310 inositol catabolic process 0.0035
GO:0034641 cellular nitrogen compound metabolic process 0.0041
GO:0009308 amine metabolic process 0.0044
GO:0019752 carboxylic acid metabolic process 0.0092
GO:0042180 cellular ketone metabolic process 0.0096
GO:0044106 cellular amine metabolic process 0.011
GO:0006529 asparagine biosynthetic process 0.017
GO:0042430 indole and derivative metabolic process 0.038
GO:0009607 response to biotic stimulus 1.30E-09
GO:0006952 defense response 8.20E-07
GO:0006030 chitin metabolic process 0.00038
GO:0050832 defense response to fungus 0.00046
GO:0006022 aminoglycan metabolic process 0.00051
GO:0000272 polysaccharide catabolic process 0.0013
GO:0016052 carbohydrate catabolic process 0.0026
GO:0006629 lipid metabolic process 0.0034
GO:0007267 cell-cell signaling 0.0072
GO:0007268 synaptic transmission 0.0072
GO:0019226 transmission of nerve impulse 0.0072
GO:0007218 neuropeptide signaling pathway 0.014
GO:0008299 isoprenoid biosynthetic process 0.015
GO:0044092 negative regulation of molecular function 0.016
GO:0009699 phenylpropanoid biosynthetic process 0.025
GO:0009812 flavonoid metabolic process 0.025
GO:0009813 flavonoid biosynthetic process 0.025
GO:0019748 secondary metabolic process 0.026
GO:0008283 cell proliferation 0.039
Table 3.7: GO Summary of Nitrogen Responsive Genes
Low N High N
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CHAPTER 4: NITROGEN RESPONSE IN AN ARTIFICIALLY SELECTED MAIZE 
POPULATION 
 
Abstract 
Begun in 1896, the Illinois Long Term Selection Experiment (ILTSE) is the longest running 
genetic experiment in higher plants, with more than 110 cycles of divergent recurrent selection 
producing known extremes for grain nitrogen (N) concentration. The ILTSE is a unique resource 
for maize functional genomics because of its genetic variation for N uptake, utilization, and 
growth response to N, each of which are influenced by many genes. Based on RNA sequencing 
of inbred lines derived from Illinois High Protein (IHP1) and Illinois Low Protein (ILP1), 7% of 
genes on average were differentially expressed in the leaf, earshoot or seeds.  Additional 
candidate selected regions were identified by finding changes in the gene expression networks 
generated for IHP1 and ILP1. Similarly, only 5% of SNP loci were found to be fixed for 
different alleles between IHP and ILP populations after 65 cycles of selection.  Meanwhile, 
surprisingly high levels of allelic diversity remained within these populations, even after 100 
cycles of selection.  Integration of expression differences between IHP1 and ILP1, N-responsive 
gene expression in one or both of these genotypes, and strong divergence of SNP allele 
frequencies by cycle 65 of IHP and ILP identified a small set of 10 genes that may contribute to 
N utilization.  These and other candidate genes found to be important in the ILTSE population 
could be utilized to improve nitrogen use efficiency in breeding maize and other crops. 
 
Introduction 
Illinois Long Term Selection Experiment 
The Illinois Long Term Selection Experiment began in 1896 from the open-pollinated variety of 
corn, Burr’s White.  Agricultural chemist Cyril Hopkins established a set of experiments to 
change grain protein concentration, both to higher protein and lower protein.  From the initial 
population, two sub-populations were established and kept separate for the last 120 years.  The 
populations have been kept separate from all other maize lines as well.  Each summer, the two 
populations were grown out and pollinated within a population.  In the fall, the ears would be 
analyzed for grain composition, and the twenty highest and lowest protein ears were selected for 
the next generation (Dudley and Lambert, 2004).  Over time, the protein concentration of the two 
populations strongly diverged.  Unlike commercial maize germplasm, there was no direct effort 
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to alter grain yield, height, or flowering time.  Nevertheless, differences in the physical 
characteristics of the kernels, ears, and plants were apparent after only ten cycles of selection 
(Smith 1908).  By cycle 20, phenotypic differences in the high protein and low protein 
populations became even more pronounced, and are visible in photographs of the selected ears 
from that generation (Figure 4.2A).  The low protein ears were already taller and wider than high 
protein ears, and they were lighter in color, likely due to the higher starch concentration.  In 
cycle 20, selected IHP ears had an average protein concentration in the high teens, while ILP ears 
were closer to 6%.  The initial Burr’s White population had a concentration of 10.5%, which is 
typical for maize germplasm of that era.  By cycle 100, IHP and ILP display obvious visual 
differences for plant type, kernel size, and the proportion of vitreous versus starch endosperm 
(Figure 4.2B-E), 
 
IHP has a distinct phenotype of very high N uptake and relatively low N utilization efficiency 
(grams grain biomass divided by plant N) because it stores large amounts of N as asparagine at 
the expense of metabolically active molecules like glutamate, alanine and aspartate.  Nitrate 
reductase (NR) activity is threefold higher in IHP compared to ILP, allowing for increased 
uptake (Lohaus et al., 1998).  Likely as a response to its N uptake phenotype and 
hyperaccumulation of asparagine, IHP has a discordant carbon to nitrogen ratio, where carbon 
skeletons are utilized by the N assimilation process and are unavailable for photosynthetic 
processes.  IHP shuttles carbon away from malate and the TCA cycle to asparagine, making it 
poor at carbon metabolism (Wyss et al., 1991).  IHP was less responsive than B73 to N treatment 
for photosynthesis, intracellular CO2, chlorophyll content, and photosynthetic enzyme gene 
expression (Church, 2008) mostly likely because IHP was unable to program the proper increase 
in photosynthesis in response to N that would lead to improved yield.  Moreover, IHP has a low 
harvest index, indicating that the photosynthates it does produce do not get shuttled into the grain 
(Uribelarrea et al., 2006) and much of the biomass is allocated to the roots to facilitate additional 
N uptake (Lohaus et al., 1998).  The high seed protein phenotype is a result of high plant N 
which leads to increased protein synthesis, but not an inhibition of starch production, 
(Uribelarrea et al., 2004) instead plant assimilate supply controls starch and protein accumulation 
rather than synthesis in the grain (Reggiani et al., 1985). 
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IHP and ILP have approximately the same nitrogen use efficiency (NUE), but achieve it through 
different NUE component traits (Uribelarrea et al., 2006).  Nitrate reductase activity is 
suppressed in ILP during the night, which does not occur in IHP, leading to ILP having a lower 
level of N uptake (Lohaus et al., 1998).  Moreover, structural limitations from the small root 
system of ILP reduce its uptake ability.  However, ILP displays excellent carbon metabolism and 
reallocation of photosynthate to the grain (Wyss et al., 1991).  ILP is effective at generating 
biomass irrespective of N concentration, although kernel dry weight is highly responsive to N 
supply (Uribelarrea et al., 2006; Wyss et al., 1991).  The higher levels of sugars generated at 
higher N concentrations are partitioned to the grain rather than to accumulate additional 
vegetative biomass.  Even at high N concentrations, ILP does not increase grain protein 
concentration, indicating that ILP may be defective for storage protein accumulation (Uribelarrea 
et al., 2004).  After one hundred years of recurrent selection, the differences between the lines 
will offer insight into evolutionary processes of selection.  Moreover, because an important 
agronomic trait was under selection, understanding the genomic and transcriptomic differences 
between these genotypes will offer insight into regions which can be selected upon to improve 
elite maize lines.  
 
Recent advancements in functional genomic technologies allow us to understand the genetic 
response and potential regulatory variation causing the phenotypic changes.  IHP and ILP gene 
expression profiles have been observed using microarrays and qPCR (Lucas et al., unpublished).  
Sweeping changes occurred in the leaf compared to the ear, which was unexpected.  However, 
the nutrient status of the mother plant and maternal effects are known to impact grain protein 
concentration (Lucas, 2012).  Early profiling experiments also showed that several candidate 
genes showed significant differential expression and allele frequency changes the ILTSE 
populations (Lucas, 2014).  A similar assessment was done here, using a genome-wide rather 
than candidate gene approach. 
 
The goals of this analysis were to use high throughput analyses to identify candidate genes that 
responded to selection in IHP and ILP.  Multiple approaches were used to identify differences in 
both the genome and the transcriptome in these genotypes.  Genotyping by sequencing was used 
to assess genomic differences, and RNAseq was used to observe transcriptome-level changes.  
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Additionally, the knowledge of differences in phenotype between IHP and ILP was used to 
inform which candidate genes may play a large role in determining the IHP and ILP syndromes. 
 
Methods 
Plant materials  
IHP and ILP inbred lines were grown in the N-responsive field site (Uribelarrea 2004; 
Uribelarrea 2006) at the Department of Crop Sciences Research and Education Center in 
Champaign, Illinois during the summer of 2009 as previously described for B73 in Chapter 2.  
Plants were grown in a split-plot design.  Exogenous N was applied at the V4 growth phase, as 
ammonium sulfate at 150kg/Ha.  Low N plots received no applied N. 
 
 IHP plants from the low N and high N plots were sampled for leaf and ear tissues throughout 
development, whereas ILP samples were taken only from the low N plots.  An additional 
sampling point during vegetative growth was conducted for IHP only (Figure 4.3A).  Two inches 
from the base of the tenth leaf was sampled at the V10 growth phase; this tissue was sampled for 
all additional growth phases.  Beginning at anthesis, pairs of samples were taken from IHP and 
ILP plants.  Leaf and earshoot or seed samples were taken from the same plant.  Four inches 
from the tip of the earshoot was taken.  Tissues from three plants were pooled for each sample.  
At anthesis, the earshoot was taken as the sink sample.  For the 16 days after pollination (dap) 
and 24dap samples, seeds were separated from the cob and seeds from three plants were pooled 
into a sample.  All samples were taken between 9:00AM and 11:00AM to minimize circadian 
effects.  Tissue was immediately flash frozen in liquid N and stored at -80°C. 
 
RNA Isolation and RNA Sequencing Library Development 
RNA was extracted from frozen leaf tissue using Trizol (cat: 15596018, ThermoFisher) and from 
frozen ear tissues using Trizol LS Reagent (cat: 10296028, ThermoFisher).  Genomic DNA was 
removed using DNAse I (cat: M0303, New England Biolabs).  RNAseq libraries were prepared 
using a TruSeq kit (cat: RS-122-2001) according to the protocol provided.  Library quality was 
checked using a Bioanalyzer.  Individual libraries were indexed using the TruSeq barcodes, and 
six libraries were pooled in each of the seven lanes of the Illumina flow cell. Single-end, 100bp 
reads were generated using the Illumina Hi-Seq 2000 at the Roy J Carver Biotechnology Center.   
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Alignment and Bioinformatic Processing 
Read Alignment, Normalization, and Calling Differential Gene Expression 
Reads were aligned to the maize genome using the protocol described in Chapter 2.  Briefly, 
reads were trimmed using Trimmomatic, aligned to RefGen_v3 of the masked maize genome, 
and uniquely aligning reads were counted using FeatureCounts and the maize version 3 
annotation file (Bolger et al., 2014; Schnable et al., 2009; Kim et al., 2013; Liao et al., 2013).  
Read counts were normalized using trimmed M means (TMM) normalization in edgeR 
(McCarthy et al., 2012).  Finally, differential expression was called for genes with a fold change 
between N levels greater than two, and an absolute difference in counts per million greater than 
ten. 
 
Annotation 
Genes were annotated using Phytozome ver.10 annotations including Arabidopsis and rice 
orthologs (Goodstein et al., 2012).  Annotations from MaizeCyc were also considered, as were 
protein BLAST hits.  Gene Ontology annotation was performed using AgriGO singular 
enrichment analysis with the default parameters (Zhou et al., 2010), and the GO reference list 
was Zea mays spp for maize genome loci from maizesequence.org (Schnable, 2009).   
 
Gene Expression Networks 
Two separate networks were built using the gene expression data for IHP and ILP, respectively, 
each under low N growing conditions.  The input gene expression data included three leaf and 
three ear samples, from anthesis, 8 days after pollination (dap), and 16dap, representing all key 
stages of growth after flowering.  To be included in building the gene expression network, a gene 
must have been expressed in 15 of 20 total libraries from the RNAseq dataset which included 
samples from both IHP and ILP in the developing leaf, mature leaf, and ear.  In total, the same 
22,524 genes were included in building the IHP and ILP networks.  Pairwise correlations were 
performed between all genes using the Pearson correlation.  Gene pairs with a Pearson 
coefficient greater than 0.9 were considered correlated in the network. 
Quantitative Real-Time PCR 
Gene expression patterns from the RNAseq were validated using qPCR.  First-strand synthesis of 
cDNA was performed using Invitrogen SuperScript III (cat: 18080-051).  SYBR Select Master 
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Mix (Applied Biosystems, cat: 4472908) was used for qPCR.  20uL reactions were used for all 
samples, and samples were run on an MJ Research Opticon 2.   
 
Genotyping by Sequencing and SNP Calling 
Plants from the ILTSE cycles were grown in 2012.  Six plants from cycle 65 for IHP and ILP, 
and twelve plants from cycle 100 for IHP were sampled.  Tissue from the youngest leaf of 
individual plants was sampled at the V10 growth phase, flash frozen in liquid nitrogen, and 
stored at -80°C.  DNA was isolated using a 15mL extraction protocol based on the Saghai-
Maroof et al. (1984) method.  DNA was spooled to isolate high molecular weight DNA.  DNA 
was sent to the Cornell University Institute of Biotechnology for sequencing.  Genotyping-by-
sequencing was performed; genome complexity was reduced through a restriction enzyme digest 
with ApeKI.  SNP calling was performed using the Glaubitz et al. (2014) pipeline which 
leveraged sequencing data from thousands of maize accessions to be able to call rare alleles. 
 
Results 
Characterization of ILTSE Inbred Lines 
To look at the molecular differences between IHP and ILP, an RNAseq experiment was 
performed during the growing season to cover the major life cycle changes relevant to N 
metabolism.  Seed germination and emergence are processes that depend seed products 
generated by the mother plant in the previous generation.  These stages have been studied 
extensively (Bi et al., 2014; He et al., 2016; Yu et al., 2015; Zamboni et al., 2014).  Following 
emergence, the plant response to nitrogen predominantly involves nitrogen uptake.  This nitrogen 
then fuels vegetative growth.  At anthesis, the plant hits a key transition point between nitrogen 
uptake and the need for nitrogen remobilization from vegetative tissues to the growing ear.  
Following flowering, the ear grows, nutrients move into the liquid part of the kernel, and kernel 
weight increases.  By 24 days after pollination, the leaves begin to senesce as the plant begins to 
dry down.  Nutrients move from those leaves into the kernel, and autophagy is vital for this 
process.  The inbreds from the Illinois Long Term Selection Experiment reach the same 
developmental stages as other maize inbreds; however, the time spent in each developmental 
stage can differ. 
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Phenotypic Results 
Phenotypic data was taken on plants grown in the N-responsive nursery in 2009 for IHP and ILP 
plants at anthesis and at maturity (Figure 4.3A).  Chlorophyll content was similar, with IHP 
having a slightly higher SPAD index value, and both IHP and ILP accumulated more chlorophyll 
under high N conditions (Figure 4.3B).  Over the course of the growing season, IHP consistently 
had more leaves with visible senescence during all measured stages of development, beginning at 
V10 through 15 days after pollination (Figure 4.3C). 
 
At anthesis, IHP had a stronger N response than ILP; IHP consistently accumulated more N than 
ILP, and the N response for grain N was much greater in IHP compared to ILP.  For biomass, the 
N response was similar, and despite differences in plant architecture, IHP and ILP generated 
similar amounts of vegetative biomass.  In vegetative tissues at maturity, the nitrogen content 
was nearly equal between IHP and ILP, and the N response was also equal.  IHP had slighter 
more vegetative biomass, with little difference in N response (Figure 4.3D).  ILP had much 
larger ear weights under both N treatments, predominantly from larger kernel weight.  Both 
genotypes experienced strong N response for ear biomass, and IHP showed very strong N 
response for grain N content (Figure 4.3D).  Nitrogen utilization was higher in ILP with respect 
to grain yield.  However, N utilization in terms of biomass was approximately equal between 
IHP and ILP and was much higher under low N than high N (Figure 4.3E). 
 
RNA Sequencing Reads 
RNAseq libraries were made from RNA extracted from plants grown at high and low N in the 
field in 2009.  Samples were taken at four developmental time points to represent key turning 
points in maize development.  The first sample was taken at the V10 vegetative growth phase.  
Leaf and ear samples were then taken from plants at anthesis, when the plant switches between 
vegetative and reproductive growth.  Samples were taken again 16 days after pollination, when 
grain fill occurs, and zein synthesis has begun.  Simultaneously, the leaf subtending the ear 
begins remobilization of nutrients in support of ear growth.  Finally, samples were taken at 24 
days after pollination, to understand the progression of zein synthesis and nutrient remobilization 
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In total, 509 million reads were generated across the 20 libraries.  The libraries had an average of 
25 million reads per sample, with a minimum of 11.6 million reads in 24 days after pollination 
seeds from IHP plants grown at low N, and a maximum of 47.2 million in the 0dap ear from IHP 
grown at high N.  On average 83% of reads successfully aligned to the genome, and of those, on 
average 84% mapped uniquely to a single place in the genome (Table 4.1).  One problematic 
library was the 24dap ear low N sample.  It had 11.6 million reads, of which only 586,639 
mapped uniquely.   
 
The maize reference genome contains 39,996 annotated genes (RefGen_v3; Schnable et al., 
2009).  In this dataset, 30,388 genes had at least one read expressed at greater than or equal to 1 
count per million (cpm) in at least one sample.  Excluding the 24dap IHP low N sample, a 
similar number of approximately 28,000 expressed genes were detected in each library.  A total 
of 15,749 genes (51.9%) were expressed in all libraries, but increased to 21,729 (71.6%) of all 
genes when the problem library from 24dap seed was excluded.   
 
Gene Expression 
To understand the underlying differences between samples, a principal components analysis was 
performed.  The PCA separated samples in both PC1 and PC2 by tissue.  In particular, the first 
principal component separated samples by sink strength, with very strong sinks from developing 
seeds on the far left, intermediate sink strength tissues—the earshoot and developing leaf—in the 
center, and pure source tissues on the right.  Compared to tissue type, genotypic differences were 
small.  The IHP and ILP leaves, earshoots, and seeds all clustered into indistinguishable groups.  
Field N level likewise did not separate out among tissues. 
 
Similar results were observed in a biplot analysis.  The most abundantly expressed gene in each 
tissue type (developing leaf, mature leaf, earshoot, or seed) was consistent for all libraries of that 
type.  A protochlorophyllide reductase gene involved in chlorophyll metabolismhad the highest 
expression in V10 leaves.  All expanded leaf tissues had pyruvate phosphate dikinase (PPDK; 
GRMZM2G306345) as the most abundant gene.  This gene accounted for about 2% of all reads, 
and its relative contribution to the mRNA pool decreased over the course of development in both 
IHP and ILP at low N.  Phosphoenolpyruvate carboxylase (PEPC) was also highly abundant in 
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all mature leaf samples, consistent with their high rates of C4 photosynthesis and thus high sink 
strength.  The most abundantly expressed gene in the IHP earshoots was GRMZM2G080603, a 
glycine-rich protein, while a tubulin gene (GRMZM2G153292) was most abundant in that tissue 
in ILP earshoots.  In the seed tissues at 16 and 24 days after pollination, the single most abundant 
gene varied slightly among samples, and the top gene in a sample could account for as much as 
8.6% of all reads.  Along the biplot vector for the seed samples were 25 genes that strongly 
separated from the cloud of genes (Figure 4.4B).  These genes were annotated almost exclusively 
as zeins: 16 were alpha zeins, 2 beta zeins, 2 gamma zeins, oleosin, and 4 were unannotated 
genes.  Alpha zeins differentially accumulate in the ILTSE (Bhattramaki et al., 1996).  The 
oleosin gene was the most abundant gene in the ILP seeds at 24 days after pollination.  Since 
endosperm protein is greatly reduced in ILP, storage of protein and other products in the embryo 
is particularly important.  Additionally, when grain protein is reduced, the relative impact of the 
embryo on the mRNA pool would be expected to increase.  Overall, tissues are the key 
differentiating factor in maize transcriptome profiles over the course of development. 
 
Gene Expression Response to Selection 
Genes that are differentially expressed between IHP1 and ILP1 represent candidate genes for 
causing the dramatic response of grain N concentration to long-term selection.  However, several 
additional factors could contribute to expression variation between IHP and ILP.  Among these, 
although strong selection pressure has been applied, the IHP and ILP populations have also been 
reproductively isolated for over one hundred years, so genetic drift alone could have caused vast 
differences in the allele frequencies and concordant gene expression patterns. 
 
Relatively few genes were differentially expressed between IHP and ILP in any one tissue.  
When both IHP and ILP were grown at low N, on average 2,107 genes were differentially 
expressed between IHP and ILP.  The direction of the expression difference was balanced: 1,083 
genes were more abundant in ILP, while 1,052 genes were more abundant in IHP (Table 4.2).  
Excluding the 24dap seed, 6,701 genes (22% of all genes) were differentially expressed between 
IHP and ILP during development of the leaf or ear.  Genes that were differentially expressed 
between IHP and ILP in the leaf were often robust to leaf development; these genes were 
differentially expressed in the same direction in all mature leaf samples (Figure 
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4.5A,C).   Earshoot and seed tissues showed a stronger developmental component, with few 
genes showing differential expression among all three developmental times (Figure 
4.5B,D).  This was likely because the earshoot and seed tissues were still active in organ 
production and differentiation during the 24 day window of sampling, whereas mature leaves had 
already completed morphogenesis prior to first sampling time point.   
 
Before maize ear development begins, the plant establishes the nitrogen response in vegetative 
tissues.  Therefore, although the Illinois Long Term Selection Experiment applied selection 
pressure to a seed composition trait, fundamental rewiring of nitrogen metabolism and related 
processes in the leaves was not unexpected.  A key difference between IHP and ILP is the 
nutrient status in the leaves, due to differences in nitrogen uptake.  This establishes metabolic 
differences that lead to differences in source-sink relationships and ultimately different nitrogen 
use strategies and grain protein concentrations between the two genotypes.  A gene ontology 
(GO) analysis was performed using AgriGO (Zhou et al., 2010).  The terms that showed GO 
enrichment in the leaf were consistent across the three leaf samples taken.  Cellular nitrogen 
compound metabolic processes were enriched in all leaf samples.  Among genes upregulated in 
IHP, transport genes were enriched.  For genes where expression was higher in ILP, protein 
modification processes were enriched (Table 4.5).  These processes suggest the same metabolic 
pathways at play in the grain composition were important in the leaf. 
 
Vast differences in gene expression between IHP and ILP seeds was expected and observed.  
Among all tissues, seeds had the highest number of differentially expressed genes between IHP 
and ILP (Table 4.2).  Of the 2,687 differentially expressed genes, 1,635 genes were more 
abundant in ILP, while 1,052 were more abundant in IHP at 16 days after pollination.  The 24dap 
sample was unfortunately unable to be considered in this analysis.  The IHP 24dap low N sample 
was swamped out by a high-copy, multiple-mapping read that decreased the overall coverage of 
the transcriptome in that sample.   
 
GO enrichment in ear tissues was variable and distinct from the leaf.  Cellular nitrogen 
compound metabolic process was an enriched GO term for all tissue types and directions of gene 
expression change.  This was consistent with phenotypic differences in nitrogen uptake and 
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utilization strategies.  A suite of GO terms were enriched among genes upregulated in ILP 
compared to IHP at 16 days after pollination.  DNA packaging and chromatin organization, 
macromolecular complex and organellar organization were enriched.  Interestingly, the same set 
of gene ontology terms were enriched among genes downregulated in ILP earshoots.  This could 
indicate the relative importance of establishing regulatory control at different time points for the 
two genotypes.   
 
In the ear, the biggest phenotypic difference between IHP and ILP is the concentration of the 
maize storage protein zein.  For both IHP and ILP, zein genes were among the most abundantly 
expressed genes, and these genes separated the seed samples from all other tissues in a principal 
component analysis (Figure 4.4B).  However, the pattern of zein gene expression was different 
between IHP and ILP (Table 4.9).  The most abundant zeins in the 24dap seed in ILP were a beta 
zein (GRMZM2G086294) and a gamma zein (GRMZM2G060429).  These genes were relatively 
less abundant in IHP.  The alpha zein, GRMZM2G044625, was the most abundant in IHP.  Few 
of the zein genes showed an N response when assessed in IHP.  In contrast, the genes showed a 
developmental response, increasing in expression with increased developmental age, consistent 
with protein concentration over the course of development. 
 
Gene Expression Differences between the ILTSE Inbreds and B73  
The plants from the Illinois Long Term Selection Experiment have been reproductively isolated 
from commercial maize for over 100 years.  In addition to extensive transcriptomic shifts 
between IHP and ILP, the differences between these lines and the maize reference genotype, 
B73, could lend evidence to the genetic effect on phenotype and may generate additional 
evidence for candidate selection response genes.  1,668 genes of the core reference gene set were 
expressed in the ILTSE samples but not at all in B73 tissues sampled.  These genes were not 
enriched for any gene ontology terms, and they were not abundantly expressed.  The average 
expression for the ILTSE-specific genes was only 0.9cpm.  These genes may not play a large 
biological role in IHP or ILP, but do reflect the plasticity of the maize transcriptome between 
genotypes.  Differential expression between IHP or ILP and B73 showed variation depending on 
tissues.  For some tissues, many genes were differentially expressed.  On average, 1,999 genes 
were differentially expressed.  Although the fewest differentially expressed genes were in the 
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earshoot, seed transcriptomes showed massive changes.  On average, 4,010 genes were 
upregulated or downregulated in IHP or ILP compared to B73 in those tissues (Table 4.3).   
 
A GO enrichment analysis showed that the differentially expressed genes were involved in 
similar processes across tissues.  In IHP, nitrogen metabolism and carbohydrate metabolism 
genes were enriched among upregulated genes in multiple tissue types (Table 4.6).  Additionally, 
actin and cytoskeleton processes were upregulated in IHP leaves; this may be associated with the 
thicker and darker green leaves that IHP has compared to B73.  Among downregulated genes in 
IHP, photosynthesis was enriched in the leaf, and the seed samples were all enriched for a suite 
of processes involved in protein complexes and cellular and nuclear organization.  In ILP, 
nitrogen metabolism was enriched in every sample (Table 4.7).  Phosphorus metabolism was 
enriched, and this may reflect crosstalk between nitrogen and phosphorus metabolism in the 
maize plant.  With its reduced root system, ILP is limited for phosphorus as well as nitrogen 
uptake (Raboy et al., 1989).  Regulatory processes were upregulated in nearly all ILP tissues.  
Like with IHP, nitrogen metabolism GO terms were enriched in all samples when ILP expression 
was down compared to B73.  In total, large-scale changes to N metabolism were caused by 
phenotypic selection toward both higher and lower grain protein compared to commercial maize. 
 
Nitrogen Response in IHP Inbreds 
In contrast to genotypic differences, very few genes were nitrogen responsive in the IHP 
genome.  This was consistent with limited impact of N supply on many IHP phenotypes. IHP is 
already excellent at taking up available nitrogen from the soil, so the internal concentration of 
nitrogen is always high.  The transcriptome reflects this consistency (Table 4.4).  The greatest 
number of N-responsive genes was observed late in development, when nitrogen remobilization 
occurs.  In total 2,018 genes were N-responsive in any tissue, excluding the 24dap leaf.  Aside 
from the 24dap seed, which had many problems, fewer than 1,100 genes were differentially 
expressed in any tissue.  The 24dap leaf was the most N-responsive, with 1,085 differentially 
expressed genes.  Plants at this phase may differ for senescence and remobilization of N and 
other nutrients to the seeds. 
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In addition to few genes affected by soil nitrogen level, only a handful of biological processes 
were enriched among the differentially expressed transcripts, based on gene ontology enrichment 
analysis (Table 4.8).  At anthesis, carbohydrate metabolism genes increased expression in 
response to low nitrogen.  GO terms for multiple photosynthetic processes were enriched in 
genes that were more abundant in IHP leaves under high N.  In the 24dap sample, transport 
processes were enriched, which supports strong remobilization processes occurring at that 
developmental time.  In general, the GO analysis showed that full suites of metabolic processes 
were more affected by high N than low N. 
 
Core Nitrogen Metabolism Genes Showed Patterns of Selection 
Genes involved in nitrogen metabolism and related processes were expected to differ between 
IHP and ILP.  Particular processes related to nitrogen metabolism were distinguished by their 
expression patterns in IHP and ILP.  In addition, the transcriptomic differences between IHP and 
ILP were more striking in leaf tissues than in earshoot or seed tissues.  Many aspects of nitrogen 
metabolism showed higher expression in ILP (Figure 4.6).  These included N uptake and N 
assimilation, glutamine synthesis, aminotransferase activity, ferredoxin activity, and 
photosynthesis.  Genes involved in these pathways reflect the early metabolic response to 
nitrogen.  Genes involved in amino acid synthesis, and phenylalanine ammonia lyase genes were 
more abundantly expressed in ILP than IHP, and this response was observed irrespective of the 
tissue.  ILP samples at 24 days after pollination showed an upregulation in peptide transporter 
expression in both the leaves and seed, indicating a potential role for peptide remobilization in 
senescence during this time.  Asparagine cycling showed a striking pattern where the asparagine 
synthetase genes were more abundant in the IHP plants in leaves and seeds.  However, 
asparaginase expression was knocked out in IHP and thus showed strong and consistent 
upregulation in ILP.  This was consistent with asparagine cycling alleles identified by the Moose 
Lab and characterized in Chapter 5. 
 
Overall, the leaves were more likely to show a distinctive pattern of contrasting expression 
between IHP and ILP.  This is somewhat unexpected, because the selection pressure was placed 
on seed composition.  However, evidence from the Moose Lab has shown a strong effect of the 
maternal plant on the final seed protein concentration (Lucas, 2012).  Few strong patterns of 
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expression differences were observed in the seed tissues, except for the asparagine cycling genes.  
This may be an effect of the earshoot and seed samples representing different biological roles 
compared to the mature photosynthetic leaf samples. 
 
Tissue-specific Response to Selection 
Besides the individual differences in the leaf and ear transcriptomes, the interactions between the 
two tissues may provide insight into nitrogen use efficiency traits.  A way to assess the dynamics 
and tradeoffs for nitrogen remobilization was to look at genes that differ in selection response 
between the leaf and ear.  The ILTSE generated plants that differ strongly for nitrogen uptake 
and nitrogen remobilization, effectively creating an “in planta” genetic nitrogen treatment.  
Genes that were upregulated in ILP could be considered responsive to low nitrogen, whereas 
genes that were expressed more abundantly in IHP may reflect genes induced by high nitrogen.  
If these regulatory programs are important to coordinating changes in N utilization in the leaf 
versus the ear, they may have been altered over the course of selection for changes in seed N 
concentration.   
 
365 genes showed different transcriptional responses in the leaf in the ear such that the gene was 
more abundant in the leaf IHP, whereas at the same developmental time the gene showed 
upregulation in the ILP earshoot or seed, or vice versa. Of these genes, 19 also contained SNPs 
that were fixed for different alleles between IHP and ILP, showing that the observed expression 
variation is correlated with allelic changes.  Gene Ontology analysis of this gene set showed an 
overrepresentation of genes involved in nitrogen metabolism, carbohydrate metabolism and 
photosynthesis displaying these patterns of expression, which is consistent with the differences 
in source-sink relationships and N remobilization between IHP and ILP. 
 
A comparison with the genes from Chapter 2 could lead to insights into inherent tissue-specific 
tradeoffs that exist in the plant.  In general, genes that were higher in IHP in the leaf tended to 
retain that pattern (Figure 4.7B).  The patterns of gene expression in the earshoot and seeds 
tended to be more dynamic.  A few genes maintained the tissue specific response, and those 
genes tended to be involved in pathogenesis, including chitinases.  The tissue specific response 
genes from B73 were also examined for their nitrogen response in IHP (Figure 4.7D).  IHP was 
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much less responsive overall to nitrogen than B73 which was also reflected in those genes from 
B73 that showed a tissue specific nitrogen response such that the opposing nitrogen response 
between leaf and ear tissues was not observed (Figure 4.7D).  Tissues specific response was also 
assessed for IHP nitrogen response.  Only three genes were upregulated in low N in the leaves 
and downregulated in the ears of IHP.  Twenty-five genes were upregulated in high N in IHP and 
upregulated in low N in the ear of IHP plants (Figure 4.7C).  The relatively small number of 
genes with these patterns compared to B73 could reflect the strong nitrogen uptake and replete N 
status of IHP plants.  The transcriptomic responses in IHP could reflect additional N response 
rather than any N deficit response.   
 
Photosynthetic Genes were affected by Selection and N 
Previous work comparing young IHP and B73 plants in hydroponics to the V8 growth stage 
showed perturbations in photosynthetic processes in IHP plants compared to B73.  IHP plants 
had less chlorophyll, lower internal CO2, and a reduced photosynthetic rate (Church, 2008).  
Additional metabolite and qPCR studies confirmed the discordant malate to aspartate ratio in 
IHP compared to B73.  IHP plants contained less malate and more aspartate that corresponded 
with decreased malate dehydrogenase and increased aspartate aminotransferase expression; this 
would lead to increased levels of aspartate and oxaloacetate, rather than malate and pyruvate.  
The aspartate would then be converted to asparagine by asparagine synthetase and stored in the 
plant.  This could disrupt the C4 carbon shuttle and decrease photosynthetic output.  Moreover, 
carbon backbones would be locked up in asparagine rather than bioavailable for other proteins or 
photosynthetic substrates, which would limit photosynthesis.  Overall, IHP had higher 
concentration of N as nitrate, but due to other perturbations was unable to translate the increased 
plant N into additional biomass in the hydroponics study (Church, 2008).   
 
The phenotypic data was consistent with the patterns of gene expression observed in IHP, ILP, 
and B73.  Genes involved in photosynthesis were generally upregulated in IHP in the leaf, and 
nominally nitrogen responsive (Figure 4.8).  The ILP plants showed similar expression patterns 
to B73 at low N, except for discordant malate dehydrogenase and malic enzyme expression.  For 
malate dehydrogenase, ILP showed lower expression than the other genotypes.  Conversely, ILP 
had much higher expression of NAD-malic enzyme.  These changes in expression may reflect 
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additional, non-photosynthetic roles or they may impact carbon shuttle dynamics between the 
mesophyll and bundle sheath cells.  The IHP perturbations in these same genes were consistent 
with the phenotypic changes to malate and aspartate concentrations, and reflected a need for 
additional flux through the carbon shuttle to make up for the asparagine pull. 
 
qPCR Validation of RNAseq reads 
The RNAseq experiment was validated using qPCR on 29 genes.  Differential expression in the 
RNAseq was robust to leaf developmental stage and nitrogen fertilization level.  The qPCR 
confirmed the direction of differential expression in the ILTSE inbred lines.  The direction of 
differential expression was the same when comparing the populations at cycle 65 and cycle 100 
of selection.  These 29 genes include genes involved in asparagine cycling: asparagine synthetase 
and asparaginase (Figure 4.9). 
 
Gene Expression Networks 
Gene co-expression networks were built using the RNAseq libraries for IHP and ILP from low N 
plots for both the leaf and ear tissues, beginning at anthesis and including 16 days after 
pollination and 24 days after pollination.  Genes were included in building the networks if they 
were expressed in 15 of the 20 total samples.  Two separate networks were built and compared: 
one network for IHP and one for ILP.  Structurally, the networks were similar: the IHP network 
had 14,706,105 edges, while the ILP network had 15,005,561 edges.  The connectivity of both 
networks was also similar.  The number of edges attached to nodes in the 90th percentile of 
highly connected nodes in each network was at least 1,645 edges for nodes in the IHP network 
and 1,746 edges in the ILP network.  These highly connected nodes, or hubs, were often shared 
between the two networks.  Of the 2,353 most interconnected genes between the two networks, 
788 genes were shared (Figure 4.10A).  Gene ontology (GO) enrichment for these genes showed 
enrichment for genes involved in photosynthesis and nitrogen metabolism (Figure 4.10B).  The 
shared hubs also were more abundant in leaf tissue than earshoot or seed tissues.  This may 
reflect the power of the similarities of leaf tissues within genotypes compared to gene expression 
patterns in reproductive tissue.  However, this overlap also gives evidence to the importance of 
the maternal, vegetative tissue in gene regulation.  While many hubs were shared between the 
IHP and ILP networks, there were several genes that had very different characteristics in the two 
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networks.  There were 98 genes which were hubs in one network, but among the 10% least 
connected genes in the other network.  Of these, 26 were hubs in the IHP network, and 72 were 
hubs in the ILP network.  These genes were subsequently loners in the opposite networks.  A 
gene ontology analysis showed an enrichment for transporter genes among the 98 genes with 
these network characteristics.  The remaining network hubs were moderately connected in the 
opposite network.  The 1,439 such genes in the IHP network were involved in protein 
modification, phosphorus metabolism, and secondary metabolic processes.  The 1,393 ILP hubs 
included genes predominantly involved in stress response (Table 4.10). 
 
Characterization of Alleles in ILTSE Cycles 
In addition to characterizing differences in the gene expression patterns between IHP and ILP, 
genetic variation was assessed.  Genotyping by sequencing was used to identify SNPs which 
were different between IHP and ILP at cycle 65 of selection.  Cycle 65 was chosen for several 
reasons.  First, viable stocks of seed from this cycle had been maintained.  Cycle 65 represented 
an inflection point in the genetic response of the IHP and ILP populations.  At cycle 65, the ILP 
population was apparently no longer responding to selection.  However, the IHP population was 
maintaining its phenotypic response to selection (Dudley and Lambert, 2004).  By cycle 65 
asparagine cycling alleles were fixed in the IHP population, although the alleles were still being 
driven to fixation in the ILP population.  This assessment is inherently a snapshot in time of the 
Illinois Long Term Selection Experiment, but should be informative about a key generation. 
 
SNP variation was assessed between the two populations, as well as for response to selection in 
the two IHP cycles using the pipeline described in Glaubitz et al. (2014).  The genotyping 
platform for maize was developed by the Buckler lab shortly after the publication of the maize 
genome (Schnable et al., 2009).  The SNP-calling pipeline leveraged a broad sampling of maize 
genetic diversity to increase the accuracy of SNP calls for rare alleles, which may be represented 
by few reads and thus difficult to distinguish from sequencing errors .  Leveraging genetic 
diversity among other maize lines will also help mitigate against discarding informative SNPs 
that reflect structural changes between the ILTSE lines and the B73 reference genome.  The 
genomes of both IHP and ILP were very different from B73, even when compared to other elite 
genotypes (Lucas et al., unpublished).  Since the ILTSE populations have been isolated from 
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other maize for all of modern maize breeding and the phenotypes differ from the ideotype of elite 
maize cultivars, rare alleles may have been fixed in this population. 
 
Six individuals from cycle 65 of IHP and six from the ILP population were sampled.  
Additionally, eight individuals from the parallel experiment selecting for oil concentration were 
sampled.  The Illinois Oil lines were used as a control because these plants came from the same 
parent population of Burr’s White.  The genetic information from these plants was used to 
determine the alleles that were fixed in the parent population.  Such SNPs would not be 
informative in comparing the IHP and ILP alleles.  An additional twelve samples from IHP at 
cycle 100 were sampled.  These plants were taken to assess genetic differences in the IHP 
population in response to the last 35 cycles of selection.  The phenotypic response between cycle 
65 and cycle 100 was strong; the IHP population increased from approximately 20% protein at 
cycle 65 to nearly 30% protein at cycle 100 (Figure 4.1).   
 
The Buckler Lab pipeline generated 900,000 SNPs.  Of those, 61,060 SNPs were called in every 
sample of the ILTSE populations, allowing no missing data.  33,455 SNPs were fixed for the 
same allele in IHP, ILP, and the high and low oil controls.  Of the 27,605 informative SNPs 
which differed within the ILTSE, 10-20 % still segregated within individual populations (Figure 
4.11A).  Many SNPs that were fixed between IHP and ILP were shared.  10,541 SNPs were 
fixed for the same allele in these two populations, despite evidence the allele was segregating in 
Burr’s White, based on the Oil Lines.  For 3,060 SNPs, the two populations were fixed, but for 
different alleles (Figure 4.11B).  Again, the SNPs were located across the genome and were not 
concentrated in a small region (Figure 4.12). 
 
Besides the general trends in variation, the differences between the two populations for DNA 
variation can be used to find candidate genes for differences in grain protein and component 
traits.  Genes which were fixed in both populations, but were fixed for different alleles may 
contribute to phenotypic differences between the two populations.  There were 3,060 SNPs that 
had this pattern, found in 1716 genes.  The SNPs were distributed evenly across the genome; 
they were not enriched in any one region and did not indicate an area of strong, recent selection 
(Figure 4.12).  The genes containing SNPs with this pattern were enriched for transporters and a 
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variety of regulatory genes, including genes that regulate nitrogen metabolism, among other 
pathways (Figure 4.13A).  The regulatory genes with fixed, different SNPs are enriched for the 
EREB, homeobox, MYB, and WRKY transcription factor families (Figure 4.13B).  These genes 
could be the top of regulatory cascades that generate large phenotypic differences between IHP 
and ILP. 
 
Candidate Genes Identified by Multiple Methods 
A combination of differential expression, identification of network hubs, and strong allelic 
divergence found a relatively small number of genes that were strong candidates for response to 
selection.  Four methods were utilized to identify candidate genes: differential expression 
between IHP and ILP inbreds, nitrogen response in IHP, high interconnectivity in the gene 
expression networks, and alleles that were fixed for different SNPs between the IHP and ILP 
populations in cycle 65.  While some of the genes were only identified by one method, there was 
extensive overlap between the methods that converged on ten genes (Figure 4.14A).  Based on 
annotations compiled from Phytozome and MaizeGDB, the genes were annotated as an ABC 
gene, ATPase, RCC1 (regulator of chromosome condensation), RNA polymerase II, UDP-
glucuronate epimerase, and a zinc finger protein; the remaining four of the genes were 
unannotated.  The predicted functions of these genes are not obviously associated with 
phenotypes known to be different between IHP and ILP.  Additional candidates could be 
identified from a less stringent amount of overlap.  327 genes were found in three of the four 
methods, 2,295 genes were identified by two methods, and 8,540 genes were identified by just 
one method.  The last class represent genes with the least direct evidence; however, they may 
still be important genes for generating phenotypic differences between IHP and ILP.  Asparagine 
synthetase and asparaginase were each identified in two ways: differential expression between 
IHP and ILP and N response in IHP.  A GO enrichment analysis of genes identified by one or 
more methods showed strong enrichment for nitrogen metabolism genes, consistent with the vast 
differences in nitrogen phenotypes between IHP and ILP.   
 
Discussion 
Comparison of the genomes and transcriptomes within the Illinois Long Term Selection 
Experiment can generate insight into the causes of the vast phenotypic variation between IHP 
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and ILP.  After over one hundred cycles of selection, many phenotypic differences were 
apparent.  IHP reached nearly 30% grain protein, had perturbations in photosynthesis, decreased 
starch synthesis, and hyperaccumulated asparagine throughout the plant.  In contrast, ILP 
achieved the apparent biological minimum of grain protein concentration, at between three and 
four percent protein.  The changes in grain protein were accompanied by a decrease in root 
system size and nitrogen uptake ability and a shift in carbon-nitrogen metabolism toward high 
levels of carbon metabolism and starch synthesis, particularly in the ear. 
 
On the genetic level, the two protein populations have been reproductively isolated for the last 
one hundred years, so they are highly distinct from each other and are both very different than 
commercial maize germplasm.  These genetic differences were apparent in transcriptomic 
differences between the IHP and ILP: about 2,000 genes were differentially expressed in each of 
the physiological stages of development.  The amount of differential expression was slightly 
more than the amount of change due to application of nitrogen to the soil (Table 4.2; Table 2.2).  
The differences between IHP and ILP can be thought of as both a genetic nitrogen perturbation 
and a reflection of response to selection.  Many of the differentially expressed genes were 
involved in nitrogen metabolism, photosynthesis, and carbon metabolism, which are 
phenotypically distinct between IHP and ILP.  Combining information from the physiological 
changes with the transcriptomic response can inform which genomic regions are better 
candidates for response to selection rather than artifacts of reproductive isolation and genetic 
drift.   
 
A surprisingly high number of alleles were still segregating in the IHP and ILP selection lines 
(Figure 4.11A).  This high level of variability can be explained in several ways. Over the course 
of selection, new mutations could have arisen and generated new alleles to respond to selection, 
the alleles may then interact by balancing selection whereby overdominance retains 
heterozygosity.  Canalization likely contributed to continued response to selection in later 
generations since changing the genetic background would have allowed new alleles to impact 
phenotype after other alleles became fixed; alleles that were initially neutral could become 
advantageous or disadvantageous in later selection cycles (Waddington, 1942).   
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The traits that conferred phenotypic differences between IHP and ILP were inherently 
interconnected and affected nitrogen metabolism.  The relative importance of individual 
metabolic processes changed over the course of the maize life cycle.  Those dynamics were 
additionally different between IHP and ILP, adding a layer of complexity to the genotypic 
comparison.  Physiologically, coordination among source and sink tissues is important to N 
utilization, so it is possible that the differences between IHP and ILP are achieved by altering 
those regulatory programs, possibly by favoring extreme shifts in the relative importance of 
maternal N supply and zein deposition (favored in IHP) compared to seed starch accumulation 
(favored in ILP). 
 
A key difference between IHP and ILP is in photosynthetic traits.  Previous research showed that 
IHP was distinct from other maize in physiological and metabolic traits related to photosynthesis 
(Church, 2008).  Differences were apparent at the transcriptomic level as well (Figure 4.8).  
Maize uses a combination of multiple types of C4 photosynthesis, notably the NADP-ME type 
and PEPCK types of carbon concentration.  Many of the enzymes involved in both pathways are 
shared (Williams et al., 2012).  The genes involved in the carbon concentrating mechanism of 
photosynthesis showed differences in average leaf expression levels in IHP, ILP and B73.  In 
IHP, the level of expression for many C4 photosynthesis genes was increased.  This was 
particularly clear for the expression of aspartate aminotransferase.  This gene acts in the C4 
pathway to move aspartate from the mesophyll into the bundle sheath cells.  In either cell type, 
aspartate can be moved out of the C4 shuttle by asparagine synthetase, which was constitutively 
expressed in IHP.  In other plants, asparagine synthetase is under circadian control, and 
expressed at night rather than during the day where it could interact with the C4 carbon 
concentrating mechanism (Gutierrez et al., 2008).  Likewise, other enzymes in the pathway 
showed increased expression in IHP, possibly to overcome the loss of aspartate and increase 
carbon concentrating activity and photosynthetic rate.  This increased expression appears 
insufficient to overcome the limitation on photosynthesis from the loss of aspartate to asparagine, 
leading to an overall decreased photosynthetic rate in IHP compared to B73. 
 
Equally striking was the vast downregulation of the genes in this pathway in the ILP 
transcriptome.  ILP plants were only sampled at low N, and the B73 expression profiles showed 
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strong upregulation at high N.  ILP may have had an equal level of nitrogen responsiveness.  
Nonetheless, expression of malate dehydrogenase, alanine aminotransferase and particularly 
PPDK were all much lower in ILP than even B73.  ILP is very poor at nitrogen uptake, and has 
low internal nitrogen concentrations.  The decreased expression of photosynthetic genes may 
reflect the overall lower total pool of available nitrogen for protein and enzyme synthesis in ILP 
relative to B73 and especially IHP. 
 
Balance of Carbon and Nitrogen Metabolism 
The C4 shuttle was one clear example where the nitrogen metabolism and carbon metabolism 
pathways overlapped, and were both perturbed due to selection in IHP.  The balance of these two 
pathways was pivotal during the entire lifecycle of IHP and was equally important for ILP.  
Among all methods to identify differences between IHP and ILP on the genomic or 
transcriptomic levels, carbohydrate metabolism was a commonly enriched gene ontology term.  
Equally often, though expectedly, genes involved in nitrogen metabolism were enriched.  
Changes in these pathways not only distinguished the two lines from each other, but from other 
maize as well, as seen in transcriptomic comparisons with B73.  Carbon and nitrogen pathways 
are particularly interactive in seed composition.  The main phenotypic difference between IHP 
and ILP seeds besides grain protein concentration was the difference in grain starch 
concentration.  In maize plants, when protein increases, yield commensurately decreases (Duvik 
and Cassman, 1999).  These tradeoffs were optimized in different directions in the IHP and ILP 
seeds.  Likewise, the underlying genes for carbon and nitrogen metabolism were different in the 
transcriptomes.  These differences were apparent not only in the seed, but also in the leaves.  The 
tradeoffs may have come from allelic differences that cause carbon and nitrogen interactions in 
all parts of the maize plant.  Moreover, unlike what was observed in the nitrogen response of the 
B73 transcriptome, the processes enriched among differentially expressed between genotypes 
were robust to development, particularly in the leaf. 
 
Selection differences identified by gene expression network analysis 
Previous expression analysis by Lucas et al. (2014) showed the relative importance of the leaf 
transcriptome compared to the ear transcriptome on the pool of differentially expressed genes.  
Differences in the leaf were indirectly responsive to selection for the ear phenotype, and these 
155 
 
changes were likely supporting aspects of maize growth required to move grain composition 
traits.  Transcriptomics using RNAseq showed many genes expressed in IHP and ILP leaves 
played key supporting roles in the plant.  Genes which expressed preferentially in the leaf and 
had no direct role in ear transcriptomes were also identified.  After building gene expression 
networks, highly interconnected hub genes were identified.  These genes were more likely than 
other genes to have been more abundant in leaf tissue than ear tissue, suggesting the importance 
of leaves in establishing the metabolism of both IHP and ILP.  The phenotypic differences 
between IHP and ILP leaves were apparent.  ILP vegetative tissue clearly showed a limitation of 
plant nitrogen, stemming from its impaired nitrogen uptake.  Despite the vast differences, the 
genes that were important in the gene regulatory networks for both genotypes were shared, 
implying that the opposite phenotypes of IHP and ILP may be mediated by shifting the state of 
the same regulatory programs.  A small number of nodes showed very different patterns of 
connectedness between the two networks, which could reflect regulatory changes unique to IHP 
or ILP.  When a node was a hub in one network but among the least connected nodes in the other 
network, it demonstrated differences between the IHP and ILP gene regulatory networks.  These 
genes were more likely to be involved in transport, which was consistent with differences in N 
transport strategies and abilities in the genotypes.   
 
Multiple Methods to Identify Candidate Genes 
Multiple strategies were used to uncover the genes which underwent selection over the course of 
100 cycles of reciprocal recurrent selection for grain protein concentration.  The different 
methods identified vast numbers of candidate genes, in multiple pathways.  Genes which were 
identified through multiple methods would reflect the strongest candidates for selection.  
Transcriptomic differences were dynamic compared to genomic scale variation, and can be 
influenced by environmental conditions or developmental phase.  However, the transcriptome 
changes were more closely related to phenotypic and functional changes.  For about half of the 
genes that were differentially expressed between IHP and ILP, gene expression was 
commensurately higher or lower between the respective protein strain and the reference genotype 
B73.  This result supports the view that gene expression changes in the protein strains may 
reflect differences in intrinsic plant N status distinct that are similar to what could be achieved by 
experimental manipulation of soil N supply.  Some of the “genetic treatment” for nitrogen can be 
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controlled for by understanding the overlap of soil nitrogen response and selection response in 
the ILTSE.  This may help to find genes truly associated with nitrogen use traits rather than an 
evolutionary response.  Such genes would be useful as targets to improve N utilization in other 
germplasm.  The genomic characterization of SNP differences identified 1,716 candidate genes 
targeted by selection which contain fixed, different SNPs.  These genes were enriched for 
regulatory genes.  Such genes could be involved in making sweeping phenotypic changes to 
divergent metabolic pathways.  This avenue of research identified the strongest candidates for 
direct response to selection, possibly because the changes are highly heritable across generations.  
In contrast, transcriptomic responses were more dynamic, but more likely to affect function.  
Where genomic lesions overlapped with transcriptomic response were the strongest candidate 
genes for selection response.  Unfortunately, the annotations of genes that were identified by 
every method did not point to clear candidates.  The nature of plant gene annotations will likely 
mean continued ambiguity around interesting genes for the near future.  Overall, gene ontology 
enrichment analysis of genes identified by any method showed a relationship to pathways with 
clear relationships to the phenotypic differences in IHP and ILP, like carbohydrate and nitrogen 
metabolism.   
 
Previous research in the Moose Lab identified single candidate genes with different, fixed alleles 
in the IHP and ILP populations after cycle 65.  The small number of genes tested were involved 
in zein synthesis or asparagine concentration, two processes with strong phenotypic differences 
between the protein strains.  Both genes involved in asparagine cycling showed differences in 
allele fixation and strong differences in gene expression.  However, the new SNP dataset did not 
contain data for either asparagine synthetase or asparaginase, so their genomic selection could 
not be confirmed here.  Both genes were confirmed to have strong expression differences in this 
dataset.  Like for asparagine cycling genes, this dataset could identify additional candidate genes, 
which would be expected to share the selection signature of the asparagine cycling genes.   
 
Conclusions 
Pulling together multiple lines of big data can decrease the number of candidate genes to test for 
highly quantitative traits.  Candidate genes which have shown drastic differences between IHP 
and ILP can be used in other germplasm to test for the impact on nitrogen use efficiency.  A total 
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of 360 differentially expressed candidate genes also have known genomic lesions that differ 
between IHP and ILP which may be used as markers for NUE.  Additional candidate genes 
identified in all analyses—differential expression, nitrogen responsiveness, network 
connectivity, and allele fixation—could be tested for their effect on IHP and ILP using the near 
isogenic line approach detailed in the next chapter.  Unfortunately, based on the annotation of 
those genes, no clear metabolic pathway was implicated, so high-level stacks and detailed 
phenotyping may be necessary to understand their effects.  Previous, low-throughput 
characterization of the differences between IHP and ILP identified asparagine cycling as a 
metabolic pathway of interest that differed strongly between the two lines.  The pathway is 
relatively simple, involving two enzymes: one for synthesis and one for catabolism.  The 
underlying gene families were also relatively simple, and the two best candidate genes were 
identified by members of the Moose Lab and confirmed by this analysis.  In the next chapter, I 
will describe a validation study of asparagine cycling alleles on the high protein and low protein 
phenotypes of the Illinois Long Term Selection Experiment. 
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Figures and Tables 
 
Figure 4.1: From Lucas et al., 2012: Grain protein response to selection from cycle 1 in 1896 to  
cycle 100. 
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Figure 4.2:Phenotypic differences between IHP and ILP.  A.) Selected ears from cycle 20 of 
selection for high protein in 1916.  B.) Ears selected from Illinois Low Protein in 1916. C.) IHP 
vegetative characteristics at anthesis in 2015.  D.) ILP vegetative characteristics in 2015.  E.) 
Seed traits for IHP and ILP at cycle 100. 
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Figure 4.3: A.) Experimental design for RNAseq during development of IHP1 and ILP1.  
Samples were taken from the leaf, earshoot, and seeds.  IHP1 plants were sampled from high N 
and low N plots, and ILP1 plants from low N. B.) Chlorophyll content was measured by SPAD 
meter.  C.) Number of senescent leaves from V10 to 15dap D.) IHP and ILP biomass and N 
content in the stover and ear tissues at anthesis (R1) and maturity (R6) E.) Nitrogen utilization 
efficiency for grain yield- and total biomass- divided by grams plant N. 
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Genotype Stage Tissue N 
level 
Reads  Mapped Uniquely 
Mapped 
Multiple 
Mapped 
% 
aligned 
% 
unique 
aligned 
% 
multiple 
IHP 0dap Ear high 19,246,894 15,905,088 14,467,238 1,437,850 82.6 91.0 9.0 
IHP 0dap Ear low 47,224,161 39,522,978 36,909,837 2,613,141 83.7 93.4 6.6 
IHP 16dap Ear high 23,334,343 18,445,209 15,631,296 2,813,913 79.0 84.7 15.3 
IHP 16dap Ear low 12,829,331 10,341,220 8,158,729 2,182,491 80.6 78.9 21.1 
IHP 24dap Ear high 25,780,204 20,863,317 18,057,885 2,805,432 80.9 86.6 13.4 
IHP 24dap Ear low 11,679,476 11,004,175 586,639 10,417,536 94.2 5.3 94.7 
IHP 0dap Leaf high 18,666,112 14,927,691 13,897,134 1,030,557 80.0 93.1 6.9 
IHP 0dap Leaf low 22,003,472 17,427,158 14,943,590 2,483,568 79.2 85.7 14.3 
IHP 10dap Leaf high 29,839,261 25,288,718 20,254,340 5,034,378 84.7 80.1 19.9 
IHP 10dap Leaf low 23,029,878 19,042,340 17,504,445 1,537,895 82.7 91.9 8.1 
IHP 16dap Leaf high 23,348,447 18,918,627 16,822,452 2,096,175 81.0 88.9 11.1 
IHP 16dap Leaf low 27,233,133 21,895,246 15,018,921 6,876,325 80.4 68.6 31.4 
IHP 24dap Leaf high 46,150,221 35,068,681 31,561,120 3,507,561 76.0 90.0 10.0 
IHP 24dap Leaf low 24,265,510 19,210,009 17,293,530 1,916,479 79.2 90.0 10.0 
ILP 0dap Ear low 29,051,317 24,568,482 23,297,250 1,271,232 84.6 94.8 5.2 
ILP 16dap Ear low 29,408,114 24,546,622 22,471,550 2,075,072 83.5 91.5 8.5 
ILP 24dap Ear low 29,294,630 17,865,622 16,697,329 1,168,293 61.0 93.5 6.5 
ILP 0dap Leaf low 18,280,373 14,343,438 12,790,496 1,552,942 78.5 89.2 10.8 
ILP 16dap Leaf low 25,805,084 24,598,541 23,196,022 1,402,519 95.3 94.3 5.7 
ILP 24dap Leaf low 23,046,835 23,883,515 22,027,476 1,856,039 103.6 92.2 7.8 
 
Table 4.1: Read and alignment summary for RNAseq 
 
 
162 
 
 
 
 
Figure 4.4: A.) PCA of normalized read values.  The RNAseq libraries separated strongly based 
on the tissue sampled.  PC1 separated based on source/sink identity: the strong sink tissues 
represented by seeds were on the far left, near the center were earshoots, then developing (non-
photosynthetic) leaves, and farthest to the right were mature, source leaves.  B.) Biplot of the 
genes show that alpha zeins were the most distinctive gene for the seed samples; a glycine rich 
protein was representative of earshoots, and leaf samples were defined by PPDK, PEPC, a 
chlorophyll a-b binding protein, and part of the photosystem II light harvesting complex. 
 
 
 
 
 
  ILP (low N) vs IHP (low N) 
Leaf Earshoot/Seed 
0dap 16dap 24dap 0dap 16dap 
Up 956 994 1,078 752 1,635 
Down 840 1,441 1,234 557 1,052 
DE 1,796 2,435 2,312 1,309 2,687 
 
Table 4.2: Differentially expressed genes between IHP and ILP for leaf and ear tissues after 
anthesis.  ILP expression at low N was compared to IHP expression at low N and IHP expression 
at high N. 
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  V10 leaf 0dap leaf 16dap leaf 24dap leaf 
low high low high low high low high 
IHP 
Number 
Upregulated 1,266 1,461 1,681 1,150 1,920 1,648 1,033 1,502 
Number 
Downregulated 1,781 1,662 1,804 1,104 1,676 1,699 1,038 1,328 
ILP 
Number 
Upregulated 
  2,684  2,247  1,877  
Number 
Downregulated 
  2,567  2,251  1,946  
 
Table 4.3A: Number of genes differentially expressed between IHP or ILP and B73 for leaf 
 
  
0dap ES 16dap ES 24dap ES 
low high low high low high 
IHP 
Number 
Upregulated 447 601 3,525 4,288 1,470 1,424 
Number 
Downregulated 598 724 6,053 5,297 6,269 1,519 
ILP 
Number 
Upregulated 1,197 
 4,885  2,948  
Number 
Downregulated 950 
 6,402  4,042  
 
Table 4.3B: Number of genes differentially expressed between IHP or ILP and B73 for earshoot 
and seed tissues. 
 
 
 
 
 
0dap 
Leaf 
16dap 
Leaf 
24dap 
Leaf 
0dap 
Earshoot 
16dap 
Seed 
24dap 
Seed 
Up in 
Low N 183 191 567 326 127 2,573 
Up in 
High N 295 11 518 203 61 4,816 
 
Table 4.4: Genes differentially expressed in response to field N level in IHP. 
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Figure 4.5: Overlap of differentially expressed genes based on direction of differential 
expression and tissue.  Venn diagrams using green lines represent leaf samples at anthesis, 16 
days after pollination (16dap) and 24 dap.  Venn diagrams in gold represent differentially 
expressed genes from earshoots at anthesis and seeds at 16dap and 24dap.  Genes which were 
upregulated in ILP are on the left and genes upregulated in IHP are included for the diagrams on 
the right. 
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Table 4.5: Enriched GO terms comparing ILP and IHP.  GO terms enriched in fewer than two samples were excluded.  Both ILP and 
IHP were grown at low N.  Seed samples at 24 days after pollination were also excluded from GO enrichment analysis. 
 
 
 
 
GO Term Description
Down 
0dap 
leaf
Down 
16dap 
leaf
Down 
24dap 
leaf
Down 
0dap 
ES
Down 
16dap 
ES
Down 
24dap 
ES
Up 
0dap 
leaf
Up 
16dap 
leaf
Up 
24dap 
leaf
Up 
0dap 
ES
Up 
16dap 
ES
Up 
24dap 
ES
GO:0034641 cellular nitrogen compound metabolic process 8.10E-06 5.50E-08 1.20E-10 0.023 4.3E-06 5.10E-05 9.00E-10 0.0098 0.022
GO:0044271 cellular nitrogen compound biosynthetic process 0.031 0.0033 0.021 0.0077
GO:0009308 amine metabolic process 0.027 0.0056 0.0048 0.044
GO:0044106 cellular amine metabolic process 0.028 0.02 0.0058 0.0025
GO:0008152 metabolic process 2.90E-06 2.40E-10 8.20E-08
GO:0042180 cellular ketone metabolic process 0.0026 0.025 0.018
GO:0006082 organic acid metabolic process 0.0028 0.031 0.026
GO:0019752 carboxylic acid metabolic process 0.0028 0.031 0.026
GO:0043436 oxoacid metabolic process 0.0028 0.031 0.026
GO:0015979 photosynthesis 6.30E-06 1.10E-05
GO:0019684 photosynthesis, light reaction 0.00039 0.039
GO:0044262 cellular carbohydrate metabolic process 0.0018 0.0079 0.041
GO:0009765 photosynthesis, light harvesting 0.041 0.0058
GO:0006519 cellular amino acid and derivative metabolic process 0.048 0.0078 0.041
GO:0015698 inorganic anion transport 0.046 0.029
GO:0006323 DNA packaging 0.03 2.7E-10
GO:0006334 nucleosome assembly 0.03 2.7E-10
GO:0031497 chromatin assembly 0.03 2.7E-10
GO:0034728 nucleosome organization 0.03 2.7E-10
GO:0065004 protein-DNA complex assembly 0.03 2.7E-10
GO:0006520 cellular amino acid metabolic process 0.028 0.0025
GO:0055114 oxidation reduction 6.30E-06 0.039
GO:0005975 carbohydrate metabolic process 0.00018 0.0058
GO:0000272 polysaccharide catabolic process 0.00028 0.00061
GO:0005976 polysaccharide metabolic process 0.0042 0.01
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Table 4.6A: GO enrichment of genes upregulated in IHP compared to B73.  GO terms enriched in fewer than four samples were 
excluded. 
 
 
 
 
 
GO term Description
V10 
leaf 
high 
V10 
leaf 
low 
0dap 
leaf 
high 
0dap 
leaf 
low 
16dap 
leaf 
high 
16dap 
leaf 
low 
24dap 
leaf 
high 
24dap 
leaf 
low 
0dap 
ES 
high 
0dap 
ES   
low 
16dap 
ES 
high 
16dap 
ES   
low 
24dap 
ES 
high 
24dap 
ES   
low 
GO:0006457 protein folding 1.E-03 2.E-03 7.E-09 4.E-09 2.E-07 1.E-03 2.E-03 5.E-02 1.E-05 4.E-05 1.E-03
GO:0034641 cellular nitrogen compound metabolic process 4.E-04 2.E-16 9.E-06 1.E-05 1.E-03 9.E-04 1.E-02 1.E-19 6.E-14 1.E-07 1.E-02
GO:0044262 cellular carbohydrate metabolic process 2.E-05 1.E-09 4.E-03 5.E-05 2.E-02 2.E-03 6.E-03 3.E-10 8.E-09 9.E-03 4.E-04
GO:0005975 carbohydrate metabolic process 9.E-06 9.E-11 2.E-03 9.E-06 2.E-03 6.E-03 8.E-06 3.E-04 3.E-03 2.E-02
GO:0008152 metabolic process 2.E-02 2.E-02 2.E-09 2.E-02 1.E-05 8.E-05 1.E-03 1.E-03 1.E-03 3.E-03
GO:0016051 carbohydrate biosynthetic process 4.E-02 2.E-03 3.E-02 2.E-02 4.E-02 5.E-04 1.E-03 2.E-03
GO:0034637 cellular carbohydrate biosynthetic process 3.E-02 2.E-03 5.E-02 2.E-02 3.E-02 2.E-04 1.E-03 4.E-03
GO:0005976 polysaccharide metabolic process 3.E-04 4.E-06 1.E-02 1.E-03 3.E-02 2.E-03 4.E-03
GO:0033692 cellular polysaccharide biosynthetic process 3.E-02 3.E-02 5.E-02 3.E-02 1.E-03 5.E-03 2.E-03
GO:0000271 polysaccharide biosynthetic process 4.E-02 3.E-02 3.E-02 2.E-03 4.E-03 2.E-03
GO:0006066 alcohol metabolic process 3.E-03 5.E-03 2.E-02 4.E-03 2.E-02 3.E-02
GO:0044238 primary metabolic process 5.E-05 1.E-02 2.E-03 8.E-06 2.E-05 2.E-02
GO:0000272 polysaccharide catabolic process 3.E-03 5.E-03 6.E-04 2.E-02 1.E-02
GO:0006073 cellular glucan metabolic process 3.E-04 3.E-05 4.E-03 2.E-02 1.E-02
GO:0007015 actin filament organization 2.E-02 1.E-02 2.E-02 6.E-05 9.E-03
GO:0008064 regulation of actin polymerization or depolymerization 9.E-03 7.E-03 1.E-02 2.E-05 6.E-03
GO:0008154 actin polymerization or depolymerization 2.E-02 1.E-02 2.E-02 6.E-05 9.E-03
GO:0030041 actin filament polymerization 1.E-02 1.E-02 2.E-02 5.E-05 8.E-03
GO:0030832 regulation of actin filament length 9.E-03 7.E-03 1.E-02 2.E-05 6.E-03
GO:0030833 regulation of actin filament polymerization 9.E-03 7.E-03 1.E-02 2.E-05 6.E-03
GO:0032271 regulation of protein polymerization 9.E-03 7.E-03 1.E-02 2.E-05 6.E-03
GO:0032956 regulation of actin cytoskeleton organization 9.E-03 7.E-03 1.E-02 2.E-05 6.E-03
GO:0032970 regulation of actin filament-based process 9.E-03 7.E-03 1.E-02 2.E-05 6.E-03
GO:0033043 regulation of organelle organization 2.E-02 1.E-02 2.E-02 6.E-05 9.E-03
GO:0043254 regulation of protein complex assembly 9.E-03 7.E-03 1.E-02 2.E-05 6.E-03
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Table 4.6A (cont.) 
 
 
 
 
 
 
 
 
GO term Description
V10 
leaf 
high 
V10 
leaf 
low 
0dap 
leaf 
high 
0dap 
leaf 
low 
16dap 
leaf 
high 
16dap 
leaf 
low 
24dap 
leaf 
high 
24dap 
leaf 
low 
0dap 
ES 
high 
0dap 
ES   
low 
16dap 
ES 
high 
16dap 
ES   
low 
24dap 
ES 
high 
24dap 
ES   
low 
GO:0044042 glucan metabolic process 3.E-04 3.E-05 4.E-03 2.E-02 1.E-02
GO:0044087 regulation of cellular component biogenesis 9.E-03 7.E-03 1.E-02 2.E-05 6.E-03
GO:0051128 regulation of cellular component organization 2.E-02 2.E-02 3.E-02 8.E-05 1.E-02
GO:0051493 regulation of cytoskeleton organization 9.E-03 7.E-03 1.E-02 2.E-05 6.E-03
GO:0005996 monosaccharide metabolic process 2.E-02 3.E-02 1.E-03 5.E-03
GO:0006082 organic acid metabolic process 2.E-03 1.E-06 3.E-04 3.E-02
GO:0006629 lipid metabolic process 1.E-10 4.E-10 2.E-02 5.E-03
GO:0009308 amine metabolic process 2.E-04 2.E-02 6.E-04 1.E-03
GO:0009987 cellular process 2.E-02 3.E-05 2.E-05 7.E-04
GO:0015980 energy derivation by oxidation of organic compounds 2.E-02 1.E-02 4.E-03 5.E-08
GO:0016052 carbohydrate catabolic process 2.E-03 2.E-03 3.E-02 1.E-02
GO:0019752 carboxylic acid metabolic process 2.E-03 1.E-06 2.E-04 3.E-02
GO:0032535 regulation of cellular component size 4.E-02 3.E-02 2.E-04 2.E-02
GO:0042180 cellular ketone metabolic process 9.E-04 5.E-07 1.E-04 3.E-02
GO:0043436 oxoacid metabolic process 2.E-03 1.E-06 2.E-04 3.E-02
GO:0044106 cellular amine metabolic process 5.E-05 5.E-07 8.E-06 3.E-02
GO:0044264 cellular polysaccharide metabolic process 1.E-04 2.E-06 2.E-02 1.E-02
GO:0044267 cellular protein metabolic process 3.E-04 4.E-10 6.E-08 2.E-02
GO:0090066 regulation of anatomical structure size 4.E-02 3.E-02 2.E-04 2.E-02
  ( )
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Table 4.6B: GO enrichment of genes downregulated in IHP compared to B73 across developmental time. 
 
 
 
 
 
 
 
GO term Description
V10 
leaf 
high 
V10 
leaf  
low 
0dap 
leaf 
high 
0dap 
leaf  
low 
16dap 
leaf 
high 
16dap 
leaf  
low 
24dap 
leaf 
high 
24dap 
leaf  
low 
0dap 
ES   
high 
0dap 
ES   
low 
16dap 
ES   
high 
16dap 
ES   
low 
24dap 
ES   
high 
24dap 
ES   
low 
GO:0034641 cellular nitrogen compound metabolic process 0.00036 0.00015 0.00015 0.015 3.30E-07 5.00E-09 0.00023 0.0044 0.0018 0.0011 2.80E-06 3.30E-09 3.30E-06
GO:0008152 metabolic process 8.00E-06 0.00014 0.027 0.00024 0.0053 0.00025 0.042
GO:0006461 protein complex assembly 0.044 1.30E-03 0.00023 3.80E-05 0.002
GO:0022607 cellular component assembly 0.045 7.90E-07 6.00E-09 0.00013 0.00033
GO:0043933 macromolecular complex subunit organization 0.044 3.90E-06 3.10E-08 0.00011 0.00034
GO:0065003 macromolecular complex assembly 0.042 7.00E-07 4.80E-09 8.60E-05 0.00027
GO:0070271 protein complex biogenesis 0.044 0.0013 0.00023 3.80E-05 0.002
GO:0006323 DNA packaging 0.033 5.50E-07 6.8E-09 0.0046
GO:0006334 nucleosome assembly 0.033 5.00E-07 6E-09 0.0044
GO:0006412 translation 0.03 0.035 7.00E-05 1.7E-13
GO:0009058 biosynthetic process 0.0011 0.0019 0.0049 4.60E-10
GO:0015979 photosynthesis 1.60E-23 0.00022 0.044 0.012
GO:0031497 chromatin assembly 0.033 5.00E-07 6.00E-09 0.0044
GO:0034728 nucleosome organization 0.033 5.00E-07 6.00E-09 0.0044
GO:0044085 cellular component biogenesis 1.20E-05 1.20E-07 5.60E-05 0.0011
GO:0044249 cellular biosynthetic process 0.0047 0.0073 0.014 1.00E-08
GO:0044271 cellular nitrogen compound biosynthetic process 0.0014 0.00026 0.0087 0.00097
GO:0055114 oxidation reduction 0.00036 0.006 0.00022 0.03
GO:0065004 protein-DNA complex assembly 0.033 5.00E-07 6.00E-09 0.0044
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Table 4.7A: GO enrichment for genes upregulated in ILP compared to B73 
 
 
 
 
 
 
 
 
 
GO term Description
0dap 
leaf low 
16dap 
leaf low 
24dap 
leaf low 
0dap 
ES low 
16dap 
ES low 
24dap 
ES low 
GO:0006457 protein folding 0.043 4.60E-13 0.0082 9.90E-08 0.0051 0.023
GO:0034641 cellular nitrogen compound metabolic process 1.00E-11 2.90E-08 4.00E-05 0.00024 3.40E-14 0.0075
GO:0007015 actin filament organization 0.017 0.00015 2.70E-05 2.70E-07 0.042
GO:0008064 regulation of actin polymerization or depolymerization 0.0077 5.70E-05 1.20E-05 9.90E-08 0.025
GO:0008154 actin polymerization or depolymerization 0.017 0.00015 2.70E-05 2.70E-07 0.042
GO:0030041 actin filament polymerization 0.013 0.00013 2.40E-05 2.30E-07 0.036
GO:0030832 regulation of actin filament length 0.0077 5.70E-05 1.20E-05 9.90E-08 0.025
GO:0030833 regulation of actin filament polymerization 0.0077 5.70E-05 1.20E-05 9.90E-08 0.025
GO:0032271 regulation of protein polymerization 0.0077 5.70E-05 1.20E-05 9.90E-08 0.025
GO:0032535 regulation of cellular component size 0.045 0.00014 2.40E-05 1.40E-06 0.013
GO:0032956 regulation of actin cytoskeleton organization 0.0077 5.70E-05 1.20E-05 9.90E-08 0.025
GO:0032970 regulation of actin filament-based process 0.0077 5.70E-05 1.20E-05 9.90E-08 0.025
GO:0033043 regulation of organelle organization 0.017 5.70E-05 2.70E-05 2.70E-07 0.042
GO:0043254 regulation of protein complex assembly 0.0077 5.70E-05 1.20E-05 9.90E-08 0.025
GO:0044087 regulation of cellular component biogenesis 0.0077 5.70E-05 1.20E-05 9.90E-08 0.025
GO:0051493 regulation of cytoskeleton organization 0.0077 5.70E-05 1.20E-05 9.90E-08 0.025
GO:0090066 regulation of anatomical structure size 0.045 0.00014 2.40E-05 1.40E-06 0.013
GO:0044262 cellular carbohydrate metabolic process 5.40E-05 0.0031 8.70E-05 2.70E-07
GO:0051128 regulation of cellular component organization 0.021 5.70E-05 3.70E-05 3.80E-07
GO:0005975 carbohydrate metabolic process 0.00049 0.0076 0.0084
GO:0006464 protein modification process 1.20E-05 0.00039 1.00E-12
GO:0006468 protein amino acid phosphorylation 1.50E-06 4.00E-05 1.30E-08
GO:0006793 phosphorus metabolic process 7.60E-06 0.0011 2.10E-08
GO:0006796 phosphate metabolic process 7.60E-06 0.0011 2.10E-08
GO:0016310 phosphorylation 3.30E-06 0.001 1.40E-08
GO:0019538 protein metabolic process 0.028 0.023 4.30E-08
GO:0043412 macromolecule modification 1.90E-05 0.00079 9.00E-15
GO:0043687 post-translational protein modification 3.30E-06 0.00059 5.10E-09
GO:0044106 cellular amine metabolic process 0.0044 0.03 0.0022
GO:0044267 cellular protein metabolic process 0.027 0.0065 1.80E-10
GO:0044271 cellular nitrogen compound biosynthetic process 0.013 0.039 0.034
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Table 4.7B: GO enrichment for genes downregulated in ILP compared to B73. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
GO term Description
0dap 
leaf low 
16dap 
leaf low 
24dap 
leaf low 
0dap 
ES low 
16dap 
ES low 
24dap 
ES low 
GO:0034641 cellular nitrogen compound metabolic process 0.00033 4.80E-08 7.60E-06 0.013 5.10E-05 2.90E-06
GO:0008152 metabolic process 3.30E-05 1.70E-05 0.049 0.0021 0.015
GO:0006323 DNA packaging 0.035 0.023 2.00E-05 2.60E-05
GO:0006334 nucleosome assembly 0.034 0.023 1.80E-05 2.40E-05
GO:0031497 chromatin assembly 0.034 0.023 1.80E-05 2.40E-05
GO:0034728 nucleosome organization 0.034 0.023 1.80E-05 2.40E-05
GO:0065004 protein-DNA complex assembly 0.034 0.023 1.80E-05 2.40E-05
GO:0006629 lipid metabolic process 0.048 0.0071 8.90E-05
GO:0009058 biosynthetic process 3.00E-11 0.00052 0.00076
GO:0009059 macromolecule biosynthetic process 2.00E-09 0.00014 0.0011
GO:0009314 response to radiation 0.042 0.011 0.013
GO:0009416 response to light stimulus 0.042 0.011 0.013
GO:0010467 gene expression 3.00E-11 3.30E-05 0.0031
GO:0015979 photosynthesis 0.0015 3.80E-08 0.0046
GO:0034645 cellular macromolecule biosynthetic process 3.10E-09 0.00012 0.00096
GO:0044249 cellular biosynthetic process 3.10E-09 0.0015 0.013
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Table 4.8: Enriched GO terms for IHP N response.  GO terms were enriched in at least two samples, and 24dap seed samples were 
excluded from this analysis. 
 
 
 
 
 
 
 
 
 
GO term Description
Down 
0dap 
leaf
Down 
16dap 
leaf
Down 
24dap 
leaf
Down 
0dap 
ES
Down 
16dap 
Seed
Down 
24dap 
Seed
Up 
0dap 
leaf
Up 
24dap 
leaf
Up 
0dap 
ES
Up 
16dap 
Seed
Up 
24dap 
Seed
GO:0005975 carbohydrate metabolic process 0.0015 0.012
GO:0006091 generation of precursor metabolites and energy 0.037 4.70E-15 0.02 0.0059
GO:0006810 transport 0.00071 0.0057
GO:0009607 response to biotic stimulus 0.014 0.026
GO:0015977 carbon fixation 0.014 0.0042
GO:0015979 photosynthesis 0.00036 5.20E-05
GO:0015980 energy derivation by oxidation of organic compounds 1.70E-13 0.00035
GO:0019684 photosynthesis, light reaction 0.037 0.00018
GO:0022900 electron transport chain 0.014 3.70E-16 0.0018
GO:0022904 respiratory electron transport chain 1.00E-14 0.0018
GO:0045333 cellular respiration 4.70E-15 0.00011
GO:0051179 localization 0.001 0.0059
GO:0051234 establishment of localization 0.00071 0.0057
GO:0055114 oxidation reduction 0.019 1.10E-11
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Figure 4.6: Selection response of core metabolism genes.  N uptake, glutamine synthesis, 
aminotransferase activity, and photosynthesis were more abundant in IHP, particularly in the 
leaf.  Asparagine cycling was much more abundant in ILP in all tissues.  PAL, starch synthesis, 
and peptide transporters were also more abundant in ILP in ear tissues and also the leaf. 
 
 
 
 
 
 
 
 
 
 
 
173 
 
 
Figure 4.7: Tissue specific selection responsive genes.  A.) Genes which are more abundant in 
different tissues between IHP and ILP.  B.) Differential expression of the Source-Sink tissue 
specific genes from Chapter 2. Genes which were upregulated in the leaf under low N, but down 
under low N in ear tissues showed a similar pattern using the genetic treatment for plant N 
content (low N from ILP and high N from IHP). 
 
 
Figure 4.7: Tissue specific selection responsive genes.  C.) Tissue specific responders in 
response to N in IHP.  D.) IHP N response of the Source-Sink tissue specific genes from Chapter 
2.  
log2 fold change 
log2 fold change 
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Gene Gene ID 
IHP 
0dap   
ES    
Low 
N 
IHP 
0dap   
ES   
High 
N 
IHP 
16dap 
Seed 
Low 
N 
IHP 
16dap 
Seed 
High  
N 
IHP 
24dap 
Seed 
Low 
N 
IHP 
24dap 
Seed 
High 
N   
ILP 
0dap   
ES    
Low 
N 
ILP 
16dap 
Seed 
Low 
N 
ILP 
24dap 
Seed 
Low 
N 
15kD beta zein GRMZM2G086294 5 4 6,900 9,050 21,527 18,716   20 33,689 98,613 
16kD gamma zein GRMZM2G060429 2 2 4,796 7,075 13,434 9,222   66 33,455 86,256 
18kD delta zein GRMZM2G100018 0 0 292 403 254 654   3 8,243 3,313 
19kD alpha zein B1 GRMZM2G353272 11 11 30,139 29,130 3,894 34,343   6 21,820 613 
19kD alpha zein B2 GRMZM2G404459 7 8 19,557 20,096 2,158 20,249   5 7,071 546 
22kD alpha zein 1 GRMZM2G397687 14 16 47,024 49,852 6,859 33,521   8 29,661 2,257 
22kD alpha zein 3 GRMZM2G044625 30 32 92,727 108,290 15,544 62,648   6 19,264 3,203 
22kD alpha zein 4 GRMZM2G346897 17 19 47,992 55,424 10,244 48,185   4 15,885 1,072 
22kD alpha zein 5 GRMZM2G088365 1 2 4,005 5,737 817 2,415   0 1,012 37 
27kD gamma zein GRMZM2G138727 11 10 24,310 29,433 22,555 44,387   20 54,917 24,547 
50kD gamma zein GRMZM2G138689 6 6 10,619 10,249 21,440 22,534   6 16,293 10,141 
 
Table 4.9: Expression of zein genes in IHP and ILP over the course of development.  IHP and ILP differ in the most abundant 
individual zein genes.  Most zein genes were not N-responsive in IHP.    
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Figure 4.8: Expression pattern and N response of photosynthetic genes in B73, IHP and ILP.  
The heatmap next to each enzyme represent the average leaf expression for B73 (left), IHP 
(center) and ILP (right).  The low N values are in the top row, and the high N expression levels 
are displayed in the bottom row; ILP does not have data for high N.  IHP expression differs 
strongly from ILP and B73, redistributing carbon skeletons and nitrogen among different 
compounds than other genotypes. 
 
AlaAT: alanine aminotransferase, GRMZM5G840582; AspAT: aspartate aminotransferase, 
GRMZM5G836910; Malate Dehydrogenase, GRMZM2G129513; NADP-ME: NADP-
dependent malic enzyme, GRMZM2G085019; PEPC: phosphoenolpyruvate carboxylase, 
GRMZM2G083841; PPDK: pyruvate phosphate dikinase, GRMZM2G131286; CA: carbonic 
anhydrase, GRMZM2G121878. 
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Figure 4.9: validation of RNAseq differential expression using qPCR.  The direction of N 
response was confirmed for all but three genes. 
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Figure 4.10: Intersection of genes identified as hubs in the IHP and ILP networks.  788 genes 
were shared between the two networks.  26 genes were hubs in the IHP network, but were among 
the least interconnected genes in the ILP network; 72 genes were hubs in the ILP network, but 
sparse in the IHP network. 
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GO Class Description 
IHP 
Hub, 
ILP 
Loner 
IHP 
Hub 
IHP 
Only 
Hub 
IHP 
& ILP 
Hub 
ILP 
Hub 
ILP 
Only 
Hub 
ILP 
Hub, 
IHP 
Loner 
GO:0008152 metabolic process            
GO:0034641 cellular nitrogen compound metabolic process            
GO:0015979 photosynthesis            
GO:0044237 cellular metabolic process             
GO:0006464 protein modification process             
GO:0043412 macromolecule modification             
GO:0006793 phosphorus metabolic process             
GO:0006796 phosphate metabolic process             
GO:0009987 cellular process             
GO:0044260 cellular macromolecule metabolic process             
GO:0044238 primary metabolic process             
GO:0043170 macromolecule metabolic process             
GO:0001659 temperature homeostasis             
GO:0006950 response to stress             
GO:0009266 response to temperature stimulus             
GO:0009628 response to abiotic stimulus             
GO:0032501 multicellular organismal process             
GO:0065008 regulation of biological quality             
GO:0015994 chlorophyll metabolic process   
 
          
GO:0042440 pigment metabolic process              
GO:0019538 protein metabolic process           
GO:0022900 electron transport chain           
GO:0055114 oxidation reduction           
 
Table 4.10: Gene Ontology enrichment of the IHP and ILP network hubs.
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Figure 4.11: a.) Number of SNPs fixed and segregating the IHP and ILP populations at cycle 65 
and cycle 100.  33,455 SNPs were fixed in the entire ILTSE population.  b.) Intersection of fixed 
SNPs between IHP and ILP at cycle 65, excluding the SNPs that were fixed in the entire Illinois 
Long Term Selection Experiment, including selection for high and low oil.  3,060 SNPs were 
fixed in both IHP and ILP at cycle 65, but were fixed for different alleles between the two 
populations.  3,070 additional SNPs were segregating in both IHP and ILP populations. 
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Figure 4.12: Locations of SNPs fixed for different alleles in IHP and ILP at cycle 65.  Red boxes 
indicate candidate genes previously shown to have undergone selection in the ILTSE (Lucas, 
2014). 
 
 
 
 
 
 
 
 
Figure 4.13: Transcription factor enrichment for genes which contain the fixed, different SNPs 
between IHP65 and ILP65. 
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Figure 4.14: Overlap of candidate genes identified by four different methods: differential 
expression between IHP and ILP, nitrogen responsive differential gene expression in IHP, hubs 
in the IHP and/or ILP gene expression networks, and genes which contain a SNP that was fixed 
for different alleles in IHP and ILP. 
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CHAPTER 5: SELECTION FOR ASPARAGINE CYCLING: VALIDATION USING 
NEAR-ISOGENIC LINES 
 
Abstract 
The Illinois Long Term Selection Experiment (ILTSE) for grain protein concentration began in 
1896 and over the course of 118 cycles has generated phenotypic extremes for grain protein and 
nitrogen use efficiency traits.  Illinois High Protein (IHP) also distinctly hyperaccumulate the 
amino acid asparagine that functions in storage and transport of N in maize.  In maize, 
asparagine concentration is modulated by two genes: asparagine synthetase and asparaginase.  
Previous work identified lesions in the promoters of both genes in IHP that appear to cause 
changes in expression and have been driven to fixation in the ILTSE populations.  To test the 
role of these asparagine cycling alleles, near isogenic lines (NILs) were generated.  Forward 
markers were used for selection, and background markers were determined on completed NILs 
using genotyping by sequencing.  The NILs differed from the selection lines for grain protein as 
measured by near infrared reflectance and an fl2-RFP marker phenotype, which uses the red 
color to quantify expression of the maize storage protein, zein.  For the IHP background, grain 
protein decreased by 0.6% protein and 1.1% protein with the addition of ILP alleles for 
Asparagine synthetase3 (As3) and Asparaginase (Asnase), respectively.  Conversely, in the ILP 
background, grain protein increased by 0.4%, 0.9%, and 1.1% protein with the addition of 
asparagine synthetase3-IHP, asparaginase-IHP or both.  In addition, the NILs were crossed to 
diverse inbred lines with varied allele combinations for As3 and Asnase.  The hybrid lines were 
grown in the field in 2016 and phenotyped for grain protein and related characteristics.  Among 
the hybrids, grain protein was most strongly affected by the parent from the asparagine cycling 
NIL rather than the alleles provided by the diverse parent.  The effect of ILTSE alleles for 
asparagine cycling variants, and asparaginase in particular was able to significantly alter grain 
protein concentration and related yield traits.  However, removing the hyperaccumulation of 
asparagine was not able to account for all of the high protein phenotype in IHP—seeds still had 
over 21% grain protein—rather than a catastrophic decrease, so additional genes must play a role 
in determining the high protein phenotype in IHP. 
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Introduction 
Illinois Long Term Selection Experiment 
The Illinois Long Term Selection Experiment is a unique resource for gene discovery to improve 
nitrogen use efficiency.  The experiment began in 1896 from a low-yielding, open-pollinated 
variety of corn called Burr’s White.  An agricultural chemist named Cyril Hopkins established a 
set of experiments to try to change the grain protein concentration, both to higher protein and 
lower protein (Hopkins, 1899).  From the initial population, two sub-populations were 
established and kept separate for the last 120 years.  The population was not selected for many of 
the same traits as modern elite maize genotypes, such as yield, height and flowering time.  Each 
summer, the two populations would be grown out and carefully pollinated within a population.  
The particular crossing scheme has been modified four times over the course of the experiment, 
in a continual attempt to maintain as much genetic diversity as possible (Dudley and Lambert, 
2004).  Each fall, the ears would be analyzed for grain composition, and the 20 highest protein 
ears in the high protein population and the 20 lowest protein ears in the low protein population 
would be selected.  Over time, the protein concentration of the two populations strongly 
diverged. 
 
Phenotypic differences between IHP and ILP: 
Currently, IHP plants contain 30% grain protein concentration.  Associated with such high 
protein concentrations, seeds also exhibit decreased kernel size and starch content.  The kernels 
are small and round, and they are found on very small ears, often with poor seed set.  On a per 
plant basis, IHP has very low grain yield.  Its root system is quite extensive, which supports the 
tremendous N uptake potential of the genotype.  The leaves are thick and dark green. In contrast, 
ILP seeds contain only 4% grain protein, which may represent a minimum threshold amount of 
N required to support seed germination.  Individual kernels are large and starchy, generating high 
grain yield.  The ears are much longer and heavier than in IHP.  The plant is tall, with long 
internodes between light green, thin leaves. The root system is much smaller than in IHP.    
 
These differences in root, shoot, kernel phenotypes are related with differences in nitrogen use 
between the two plants.  IHP, with its large root volume, has excellent N uptake.  It amasses high 
levels of the N storage amino acid, asparagine (Lohaus et al, 1998).  IHP also exhibits an early 
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and strong senescence phenotype, beginning in the lower leaves (Moose et al, 2004).  Because of 
this, IHP is excellent at remobilization of N from the leaves during grain fill.  Unfortunately, 
most of this N is found in the form of asparagine rather than the metabolically active aspartate 
and glutamine, the products of asparaginase.  This causes an abundance of asparagine in the 
grain which contributes to the high protein concentration at the expense of yield.  Compared to 
IHP, ILP has many opposite nitrogen use characteristics.  Its small root system causes it to have 
poor N uptake; however, the N it is able to capture is readily utilized and generates maximal 
grain yield due to greater carbon assimilation and remobilization in ILP. 
 
Expression differences and allele shifts indicate a role for asparagine cycling alleles 
Asparagine is an important N storage and transport molecule in plants due to its high nitrogen to 
carbon ratio and relative metabolic isolation.   Asparagine also is a signaling molecule for plant 
N status, (Seebauer et al, 2004) and asparagine concentrations account for many of the 
differences in free amino acids in the ILTSE (Lohaus et al, 1998).  Allele frequencies for 
Asparagine synthetase3 (As3) and Asparaginase (Asnase), the two genes involved in the 
synthesis and catabolism of asparagine, respectively, have diverged over the course of selection 
such that alleles for these two genes are fixed and differ between IHP and ILP (Figure 5.1D).  
Differences between the alleles were fixed by cycle 65, except for As3 in ILP, which has 
continued to diverge to cycle 100 (Lucas, 2014).  Associated with the different alleles are 
changes in gene expression; IHP has lost circadian control of A As3 and is a knockout mutant for 
Asnase (Figure 5.1C).  As3 expression is low in ILP, while Asnase expression is relatively high, 
compared to B73.  Additionally, both genes are N-responsive, with Asnase induced at low N and 
As3 induced at high N.  Differences in the promoter regions of these genes are thought to be 
causal for the expression phenotypes.  The IHP knockout mutation (asnase-IHP) appears to be 
caused by a combination of an insertion and deletion in its promoter (Figure 5.1B).  In the 
ILTSE, selection appears to have acted on a regulatory region in the promoters of asparagine 
cycling genes rather than through a variety of other possible mechanisms, including post-
translational modifications or changes in enzyme activity.  Changes occurred in the promoter 
regions of these genes led to changes in gene expression which were selected upon, and fixed 
during the first 65 years of selection for grain protein. 
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Based on the extensive evidence from the Moose lab, an experiment was designed to test the 
effects of asparagine cycling alleles from IHP and ILP.  Near isogenic lines were developed to 
move IHP alleles for asparagine cycling into an ILP background.  The IHP alleles were expected 
to generate constitutive synthesis of asparagine and knock out the degradation pathway, 
generating the hyperaccumulation of asparagine in the ILP background.  Increased asparagine 
concentrations were expected to lead to increased grain protein and nitrogen use efficiency in the 
ILP background.  Simultaneously, the opposite experiment was performed: ILP alleles for 
asparagine cycling were moved into the IHP background to restore Asnase function, or limit the 
expression of asparagine synthetase to daylight hours, under circadian control.  These changes 
were expected to stop IHP from hyperaccumulating asparagine, and generate free carbon 
skeletons for improved growth and metabolism. 
 
Methods 
Plant Material 
Near-Isogenic Lines 
The inbred lines from the Illinois Long Term Selection Experiment, IHP1 and ILP1 were crossed 
and two backcross populations were established.  BC2 populations were generated without 
forward markers and were available at the start of this project.  The BC2 populations were 
screened with markers to distinguish the IHP and ILP alleles for As3and Asnase, and individual 
plants with the donor parent allele for either/both genes were backcrossed to the recurrent parent.  
Six populations were expected: IHP1 containing the As3-ILP1 allele, IHP1 containing the 
Asnase-ILP allele, IHP1 with both As3-ILP1 and Asnase-ILP alleles, and the converse: ILP1 
with As3-IHP1, ILP1 with the asnase-IHP allele, and ILP1 containing both As3-IHP1and 
asnase-IHP alleles.   However, IHP1 plants with both As3-ILP1and Asnase-ILP e were not 
recovered from the initial BC2 populations.  Crosses between IHP1 lines containing the 
individual ILP1 alleles were also not successful in combining the As3-ILP and Asnase-ILP 
alleles in the IHP1 background.  The five populations were backcrossed to either IHP1 or ILP1 
to reach BC6 or BC7 while maintaining forward selection for the As3and asnase-IHP alleles, and 
subsequently selfed to generate homozygous As3and Asnase loci.  The 2015 phenotypic data was 
based on BC6S1 or BC7S1 plants, and the 2016 data is taken from the selfed ears from those 
plants: BC6S2 or BC7S2. 
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Hybrids from Near-Isogenic Lines and Diverse Inbreds 
Ten diverse inbred lines were selected for their As3and Asnase allelic combinations.  Allele 
combinations were determined by Farag Ibraheem, who screened 70 diverse inbred lines for their 
As3and Asnase alleles using PCR genotyping assays for the promoter variants (primers described 
below).  Three lines have As3-IHP and asnase-IHP alleles: LIZL5, PHZ51 and Va85.  Four lines 
have both alleles that are ILP1-like: LH123, PHG39, LH82 and MS71.  PH207 has As3-IHP and 
Asnase-ILP alleles.  Finally, PHG47 and M162W have As3-ILP and asnase-IHP alleles. 
 
To generate hybrid seed, the NIL series lines and diverse inbreds were grown in the field at the 
Department of Crop Sciences Research and Education Center (South Farms) in Urbana, IL 
during the 2015 growing season.  Each diverse inbred was used as a female parent, and all five 
available near-isogenic lines were crossed onto each inbred.  In addition, IHP1 and ILP1 were 
crossed to the inbreds to be used as control hybrids.  This generated seven total hybrid lines for 
each diverse inbred, and nine total genetic combinations among all hybrids. 
 
Forward Markers 
Markers to distinguish the IHP1 and ILP1 alleles for As3and Asnase were designed by previous 
members of the Moose Lab.  Farag Ibraheem designed an indel marker for As3 
(GRMZM2G053669) to identify and amplify an apparent insertion in IHP1 relative to ILP1.  The 
primers anneal in the promoter region of As3, and generate one 557bp band in ILP1 and two 
bands in IHP1 at 498bp and 778bp.  The primer sequences are: Forward: 
CTCAACTCATCGGCACAGACTTGCATC; Reverse: 
TCGAATTTATCCTTTCTACAACCCCAATC.  Farag Ibraheem also designed a marker to 
distinguish IHP1 and ILP1 alleles in Asnase (GRMZM2G082032) using polymorphisms in the 
promoter region.  The asnase-IHP1 allele harbors both an insertion and a deletion relative to 
Asnase-ILP.  The markers amplify a 402bp product in ILP1 and the IHP1 product has three 
bands at 402bp, 761bp and 858bp.  The primer sequences are: Forward: 
CGCTGTAATCTGACTGCTGGCC; Reverse: 
TAAGAGAGTACTTATCACATGCCTAAGAGCAT. 
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A second marker for Asnase was designed by Yuhe Liu which amplifies a 33bp deletion in the 
3’UTR of Asnase.  This generates a 294bp band in ILP1 and a 309bp band in IHP1.  The primer 
sequences are: Forward: GGAGGTCGGCATCTGGAGTGA; Reverse: 
AAACACATGGCAATCGCAGGATGG. 
 
PCR was performed using 2.5µL 10x taq buffer (New England Biolabs), 0.8 µL 25mM MgCl2, 
2.5µL 2.5mM dNTPs (Bioline), 0.5 µL each of 25 µM forward and reverse primer, 0.25 µL Taq 
polymerase, 1 µL (100ng) of DNA, and 16.95 µL nuclease free water (Fisher) for a total volume 
of 25 µL.  Samples were run on an MJ Research PTC-225 Peltier Thermal Cycler.  The PCR 
amplification protocol differed for the three markers.  For the Asnase promoter the protocol used 
an initial denaturation step of 95°C for 2 minutes, followed by 35 cycles of denaturing at 94°C 
for 1 minute, 40 seconds annealing at 56°C, and 1 minute extending at 72°C, then a final 
extension of 7 minutes at 72°C.  The Asnase 3’UTR marker used a protocol as follows: initial 
denaturation step of 94°C for 2 minutes, followed by 40 cycles of denaturing at 94°C for 15 
seconds, 40 seconds annealing at 58°C, and 40 seconds extending at 72°C, then a final extension 
of 5 minutes at 72°C.  The As3marker used a protocol of: initial denaturation step of 94°C for 2 
minutes, followed by 40 cycles of denaturing at 94°C for 30 seconds, one minute annealing at 
57°C, and 1 minute 45 seconds extending at 72°C, then a final extension of 5 minutes at 72°C. 
 
The first two generations of backcrosses were done without markers.  The following two 
backcrosses were done using the Asnase promoter marker; however, the promoter marker is 
unable to distinguish heterozygous from homozygous genotypes for asnase-IHP1, so the 3’UTR 
primer was used for the remaining generations. 
 
Background Markers 
2013 Markers 
Background markers were generated for individuals from the NIL populations in summer 2013 
using genotyping by sequencing.  The ILP1 near-isogenic lines were BC1 populations, and the 
IHP1 populations were BC4.  Twenty-two individual plants were sampled for genomic DNA: 13 
from the IHP background and nine from the ILP background.  Two replicates of IHP1 and ILP1 
were also sampled.  Genomic DNA was extracted using the Saghai-Maroof et al (1984) method.  
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DNA was sent to the Institute for Genomic Diversity at Cornell University, and sequenced using 
the method described in Elshire et al (2011).  The sequence data was analyzed using the pipeline 
described in Glaubitz et al (2014) to generate SNPs.  Among all lines, 955,690 SNPs were 
generated. 
 
SNP data was filtered to generate informative SNPs.  The data was subset into chromosomes to 
provide a manageable data file size.  SNPs were removed based on three criteria.  First, loci were 
removed if the SNP call differed between the two replicates for either IHP1 or ILP1.  Second, if 
the SNP in the reference inbred (IHP1 or ILP1) was called as a heterozygous locus (IUPAC code 
K, M, R, S, W, or Y), the locus was thrown out because alleles in the IHP1 and ILP1 inbreds 
were expected to be homozygous.  Loci where IHP1 and ILP1 shared an allele call were 
removed as these loci were not informative for calling an allele a donor or recurrent parent allele 
in the NIL populations.  Finally, SNPs were filtered to require a locus to have an unambiguous 
SNP call for both the IHP1 and ILP1 inbreds, which greatly reduced the SNP dataset to 28,789 
SNPs.  These SNPs represent the highest confidence alleles against which to compare progeny to 
both parents. 
 
Allele calls for the NIL genotypes were made at the individual SNP level.  If the SNP matched 
the call for IHP1 or ILP1 it was called similar to that parent; alternatively if the SNP was given 
an IUPAC code for a combination of two possible nucleotides, it was called a heterozygote at 
that locus.  Ambiguous calls were ignored (given an NA in further analyses).  Individual allele 
calls were used to determine the contribution of the donor and recurrent parent genomes.  To 
determine the size of the regions contributed by the donor genome around the introgressed genes, 
SNP calls were averaged across one megabase (Mb) regions. 
 
2015 Markers 
By 2015, the generation of NIL population was complete, and tissue from those plants was sent 
for sequencing using the pipeline described above.  In 2015, backcross breeding in the two NIL 
populations had reached six generations (BC6) and individual BC6 plants had been selfed either 
one or two times to generate homozygous alleles at the As3 and Asnase loci.  Leaf tissue was 
collected, flash frozen in liquid N, and genomic DNA was extracted as described for the 2013 
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markers.  DNA was sent to the Institute for Genomic Diversity in April 2016.  Allele calls in the 
NIL genotypes was performed using the same pipeline as the 2013 data, including the exact 
samples for IHP1 and ILP1.  In the 2015 NIL samples, 28,704 SNPs passed all filtering steps. 
 
Estimation of Introgression Size 
The size of the introgressions around As3 and Asnase were estimated by binning SNPs over 1Mb 
regions.  In each bin, the SNP frequency was averaged over the space using coded SNPs.  The 
SNPs were coded to include heterozygous alleles, and used a code where the IHP SNP was 
counted as 0, the ILP SNP was 1, and heterozygous alleles were 0.5.  Therefore, higher SNP 
frequencies were more ILP-like.   
 
Introgressed regions around As3were called when the SNP frequency in the IHP background was 
greater than 0.75 or less than 0.25 in the ILP background.  Around Asnase, the allele frequencies 
were less stringent.  The introgression region was called if the SNP frequency was greater than 
0.6 in the IHP background or less than 0.35 in the ILP background.  The decreased stringency 
was due to relative sparsity of SNPs in the region around Asnase.  The minimum and maximum 
location values for these SNPs defined the window of the introgression, and the window size was 
checked against the figures generated for the chromosomal view heatmap (Figure 5.4, Figure 
5.5). 
 
Kernel Characteristics 
Phenotypic data was taken on self-pollinated ears at maturity.  Ear length, ear weight, kernel row 
number, and seed weight were measured on individual ears.  A hundred kernel weight was taken 
to estimate the kernel number per ear.  Grain composition traits were quantified using a Perten 
DA 7200 Near Infrared Analyzer, with a calibration co-developed by Perten and the Moose 
laboratory.  Measurements were taken on whole kernels, and were thus non-destructive.  Near 
Infrared Reflectance (NIR) measures the percent amine bonds in a sample as a proxy for grain 
protein concentration.  The machine also quantifies the grain moisture and starch concentrations. 
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fl2-RFP Marker for grain protein concentration 
Two to eight plants from each allele class were pollinated in 2015 using pollen from either 
IHP1:fl2-RFP or ILP1: fl2-RFP, using the RFP introgression line which corresponded to the 
recurrent parent for the NIL.  Some NIL allele combinations were limited in the number of plants 
available in the 2015 field due to parent ears segregating for allele combinations.  RFP pollinated 
seeds were planted in 2016 and self-pollinated to generate ears expressing FL2-RFP.  Five plants 
per allele class were self-pollinated and photographed to observe variation in red color.  Three 
plants of ILP1:fl2-RFP were self-pollinated.  Two additional ears were generated by crossing 
ILP1:fl2-RFP NIL pollen onto ILP1 ears.  Three ears for IHP1 controls were generated by 
crossing IHP1:fl2-RFP NIL pollen onto IHP1 ears. 
 
At maturity, ears were harvested and kept wrapped in a pollinating bag to avoid photobleaching 
of the red seed color.  RFP ear analysis was performed with some modifications from the 
protocol outlined in Lucas, 2014.  Whole ears were photographed using a 48-bit Nikon DX 
camera.  ImageJ was used to determine red, green, and blue channel values using an eyedropper 
tool.  ImageJ is a free imaging software package that can be run on a regular desktop computer.  
Eight points were measured for pink kernels, and eight additional points were measured from 
white kernels when an ear was segregating for the RFP phenotype.  The areas measured were 
chosen to represent an even sampling of base, middle, and tip kernels.  Areas of glare, shadow, 
kernel dent, or disease were avoided.  For comparison between ears the ratio of red to green 
(R/G) was used as a phenotype.  This ratio is the most correlated to grain protein (Lucas, 2014).   
 
IHP1 and ILP1 control ears for 2015 and all ears from 2016 were analyzed using a modified 
pipeline.  Photographs were taken under different lighting conditions; however, a color card was 
included in the photograph to white-balance color information during data processing.  This 
limitation is also minimized by the use of the R/G phenotype rather than the raw values for the 
red channel.  2016 ears were photographed using a Samsung Galaxy S5 Mini camera.  
Photographs were taken in ambient light, and a color card was again included to enable color 
correction. 
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Results 
Plant Material 
The populations of near-isogenic lines were backcrossed in summer and winter for 2011-2015 
with forward selection for As3 and Asnase.  At least four generations, and predominantly five or 
six generations of backcrossing to either IHP1 or ILP1 was performed.  Lines were then selfed at 
least one time to generate homozygous alleles in As3and Asnase.  The near-isogenic lines grown 
in 2015 were BC4S1, BC5S1, BC6S1 or BC4S2, BC5S2, or BC6S2 in the ILP background, and 
BC6S1, BC6S2 or BC5S3 in the IHP background.   
 
Five populations were successfully generated: ILP1 containing As3-IHP, ILP1 containing the 
asnase-IHP, ILP1 containing As3-IHPand asnase-IHP, IHP1 containing As3-ILP, and IHP1 
containing Asnase-ILP.  An IHP1 plant with both As3-ILP and Asnase-ILP could not be 
recovered.  It is unclear if this is due to reduced fitness, growing conditions in the greenhouse or 
field, or the propensity of IHP to asynchronously flower.  IHP1 and ILP1 inbreds served as 
controls.  Phenotypic analysis was performed on plants grown in the University of Illinois Crop 
Research Station in the summers of 2015 and 2016.   
 
Pedigrees 
Relatedness of the individual near isogenic lines in the allele series is important because large 
differences in genetic background outside of the two expected introgressed regions could 
confound the results.  Pedigrees were tracked throughout the development of the NIL 
populations, so this can be assessed. 
 
On the ILP recurrent parent side, there was a genetic bottleneck through ear 90693, which was a 
bulk of backcross plants onto ILP1 as the female with multiple BC4 male parents in 2013.  After 
this low-information generation, nearly all of the ILP near isogenic lines came from continued 
self-pollination of this bulk.  The first generation after the bottleneck generated two plants which 
were heterozygous for both As3and Asnase alleles, and a third plant that was heterozygous for 
As3, but homozygous for Asnase-ILP allele.  The two heterozygous plants were self-pollinated, 
and the progeny contained individuals for all three allelic combinations.  Additional plants with 
As3-IHP were discovered after an additional generation of backcrossing from the 90693 bulk.  In 
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sum, of asparagine cycling allele combinations among plants that were all full siblings.  The ILP 
NIL population also included plants with each allele combination from different BC6 plants in 
order to control for differences in introgression size around the As3and Asnase genes. 
 
For the population with IHP as the recurrent parent, only the single introgressions were 
recovered.  No viable plants with both As3-ILP and Asnase-ILP were found.  The plants with 
As3-ILP were generated through two lineages which derive from distinct BC2 individuals.  The 
plants with Asnase-ILP share a common parent in the BC5 generation and differ only by 
generations of self-pollination.  Two lines (100763 & 100765) were peculiar in that their parent 
was genotyped as heterozygous for As3 and homozygous for asnase-IHP, whereas these two 
progeny contained the ILP allele for Asnase, and not for As3.  The Asnase marker can be difficult 
to score, generating the misclassified genotypes. It is possible that these two progeny lines 
contained only recurrent parent alleles; this would be useful for further analysis, as these plants 
could serve as a control for introgression lines more precisely than the IHP inbred.  Progeny 
from these plants were avoided for the 2016 field season. 
 
Background Markers 2013 
The Elshire et al (2014) pipeline generated 955,690 SNPs, of which896,650 were called in at 
least one individual within the NIL experiment.  After filtering as described in the methods, 
159,200 SNPs remained.  For the more robust set, omitting the loci where either IHP or ILP have 
ambiguous calls or missing data, there were 28,789 SNPs remaining. 
 
Proportion Donor and Recurrent Parent 
The IHP background NILs were in the backcross 4 generation.  Backcrossed plants at that 
generation are expected to have 96.875% recurrent parent alleles.  The observed recurrent parent 
contributions fell short of the expected value; the lines contained 88.9-96.5% IHP alleles for all 
unambiguously called loci (Table 5.1).   This range excluded the sample from row 834, plant 7 
which had 97.9% missing data.  It contained 618 unambiguously called SNPs, and only 54% of 
those SNPs matched the IHP allele.  Another line, 841-3, also exhibited a large amount of 
missing data, having only 6,788 unambiguous calls in this dataset (Figure 5.4A). 
 
195 
 
Breeding in the ILP background was a few generations behind.  Due to problems obtaining ILP 
plants where IHP alleles were successfully introgressed, by 2013 this population had only 
undergone one backcross.  These plants were expected to have 75% recurrent parent alleles.  
44.1-65.7% recurrent parent alleles were observed in these populations (Table 5.1).   
 
Estimated Size of Introgression 
A chromosomal view of chromosomes one and two generated insight into large regions of 
heterozygosity on a megabase scale, particularly for the IHP BC4 plants.  For both chromosome 
1 (Figure 5.4B) and chromosome 2 (Figure 5.4C), large blocks of each chromosome contain only 
recurrent parent alleles, shown as red regions.  For some areas along the chromosome, the 
individuals differed in the size of the introgressed region, shown in purple to represent 
heterozygous alleles at those loci.  The ILP lines were particularly interesting because with only 
one generation of backcrossing, there were so few crossovers that the heterozygous blocks and 
recurrent parent blocks were very apparent.  The chromosomes show predominantly one, 
sometimes two crossovers along each chromosome for each individual, represented by the 
different columns (Figure 5.4B; Figure 5.4C).   
 
The sizes of introgressions around As3 in the IHP background BC4 NILs and the regions around 
Asnase in the ILP background BC1s were estimated using the 2013 SNP data.  For the IHP NILs, 
most of the lines containing As3-ILP had introgression regions that were approximately 25Mb in 
size.  Generally, the region between 33Mb and 59Mb was introgressed.  For line 833-4, most of 
chromosome 1 contained introgressed alleles; the window from 45Mb to 190Mb contained 
heterozygous alleles (Figure 5.4B).  These introgressed regions were further reduced in the 
subsequent generations of backcrossing and self-pollinating to regions as small as 8Mb (Figure 
5.5B; Table 5.3).  The ILP NILs had very large introgressions on chromosome 1, comprising 
most of the chromosome (Figure 5.4B).  For the region around Asnase on chromosome 2, the 
introgression was too small to identify in the IHP background.  However, it may not have been 
present in these individuals.  In the ILP background, the introgressed regions around Asnase 
were already relatively small, comprising the region from the tip of chromosome 2 to about 15-
26Mb downstream (Figure 5.4C).  Again, this region was even smaller in later generations 
(Figure 5.5B; Table 5.3). 
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Background Markers 2015 
Proportion Donor and Recurrent Parent 
The NILs generated in the IHP background were at the BC5 or BC6 generations when they were 
grown in 2015 and 2016.  These lines were expected to have 0.8-1.5% donor parent alleles.  The 
plants had 0.8-3.4% ILP-like alleles, with 1.7% on average (Table 5.2).  The backcross 
generation for the ILP plants was less clear because of the bulked seeds in 2013 (Figure 5.3A).  
The plants genotyped in 2015 had 2.1-6.7% IHP-like alleles across the genome (Table 5.2). 
 
Estimated Size of Introgression 
The size of the introgressed regions were measured again on the plants from 2015.  These 
individuals more closely represented the plants phenotyped in 2015 and 2016.  For the IHP 
background, the introgression around As3 was around 8-14Mb in size and located between 39Mb 
and 53Mb along chromosome 1.  The region around Asnase was very small, only the 1Mb 
window at 5Mb contained ILP alleles.  For the ILP background, chromosome 1 had a 23Mb-
48Mb introgressed region of IHP alleles located at 11Mb-59Mb along the chromosome.  Around 
Asnase, three lines had 1Mb or smaller introgressions around the gene, while the other five lines 
contained introgressions from the tip of chromosome 2 to just downstream of Asnase, at 5Mb 
(Table 5.3).  The introgressed regions around Asnase contained 93 genes in the IHP population 
and 505 in the ILP population, where the introgression was slightly larger.  The number of genes 
in the introgressions around As3 was more variable, rangingfrom 448 genes to 3,001 genes 
depending on the individual (Table 5.3).  There were three SNPs called in the IHP and ILP 
inbreds within the As3 gene, while no informative SNPs were called within the gene space of 
Asnase.  The nearest SNPs to Asnase were 78kb upstream and 31kb downstream.   
 
Kernel Characteristics at Maturity 
Grain Protein 
Grain protein was different in the NIL series compared to the recurrent parent control in both 
2015 and 2016.  The 2015 data showed a strong trend for changes in grain protein that correlated 
well with dosage of As3 and Asnase alleles .  Introgression of As3-ILP into IHP decreased grain 
protein from a mean of 24.1% to 21.8%, while Asnase-ILP decreased protein to 22.3%.  
Introgression of As3-IHP increased grain protein from a mean of 6.5% to 7.2%, and of asnase-
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IHP increased protein to 7.7%.  The introgression of both alleles from IHP into ILP increased 
grain protein to 8.2% (Figure 5.7A).  The double NIL was just slightly less protein than a truly 
additive trait (expect 8.4% in that case).  The 2016 data showed similar results.  Introgression of 
As3-ILP into IHP decreased grain protein concentration from 24.9% to 24.3%; introgression of 
Asnase-ILP decreased grain protein to 24.2%.  For the ILP background, grain protein increased 
with more IHP introgressions, and the increase was statistically significant (in an ANOVA and 
Tukey).  The ILP control contained 6.0% grain protein, which increased to 6.1% when As3-IHP 
was introgressed, and to 6.4% when asnase-IHP was introgressed.  The near isogenic line 
containing IHP alleles for both asparagine cycling genes once again had the strongest phenotypic 
effect, with an increase to 6.7% grain protein (Figure 5.7B).   
 
Other Kernel Traits 
Phenotypic results from the 2016 field season show patterns in ear and seed phenotypes that 
correspond to the introgression of Asn cycling alleles.  Plants with more alleles from the donor 
selection line less resembled the recurrent parent for the phenotypes assessed.  Using a Tukey 
test for the trait values and treating the genotypes as two populations based on the recurrent 
parent, the differences between any introgression line and its recurrent parent were significant.  
Introgression lines where ILP was the recurrent parent showed improvements for many seed and 
ear traits.  In these plants, the ears were longer and weighed more.  With the larger ears, 
individual kernels weighed more and there were more kernels per ear.  IHP on the other hand had 
some problems.  IHP1 started as a genotype with suboptimal ear traits, having sacrificed yield 
traits for very high protein concentration over the course of selection.  The IHP plants with ILP 
alleles for asparagine cycling showed even worse agronomic traits despite reductions in the 
extreme level of grain protein.  The NILs in this population had ears that were shorter and 
weighed less.  Within an ear, the kernels were slightly lighter and there were fewer kernels per 
ear compared to the IHP inbred. 
 
The clear trends from the 2016 field season were generally present in the data from 2015; 
however, the data from the 2015 field season was generally noisy for kernel characteristics.  The 
data used individual plants within rows, and as such included a smaller sample size than the 
experiment in 2016.  The ILP side was particularly noisy in the 2015 data.  The ear length, ear 
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weight, and seed weight were generally lower in the introgression lines than the ILP control.  
The introgression lines had much smaller kernel weights than ILP, but the kernel weight for the 
ILP control was quite a lot higher than for all other genotypes.  The increased weight was not an 
artifact of higher grain moisture.  Kernel number was lower than the ILP for two of the NIL 
genotypes; however kernel number increased for the NIL with AS3-IHP.  In contrast, the trends 
in the data for the IHP introgression lines were present already in the 2015 data.  As ILP alleles 
were introgressed into IHP seed weight decreased, ear weight decreased, hundred kernel weight 
decreased, and kernel number decreased. 
 
Red Fluorescence Protein 
Plant Material 
The fl2-RFP transgene system was developed by the Moose Lab to quantify changes in zein 
protein concentration in maize seeds using the readout of red color (Lucas, 2014).  In 2015, 
plants representing each NIL class were pollinated by pollen from an fl2-RFP transgene 
introgression line of the recurrent parent for that NIL.  Self-pollinated introgression lines were 
used as controls.  In the IHP background, no plant was recovered that contained both As3-ILP 
and Asnase-ILP1 alleles.  It is unclear whether this is a biological limitation due to asparagine 
cycling or a limitation of the general seed output in IHP1.   
 
In 2016, the seed from 2015 crosses were grown in the field and self-pollinated to generate RFP 
phenotype ears.  ILP1 control ears were generated from self-pollinated plants as well as ILP1 
plants cross pollinated by the RFP containing NIL lines.  IHP1 control ears were generated by 
crossing fl2-RFP pollen from the IHP background NILs on to IHP1 plants.  The IHP line with 
both As3-ILP and Asnase-ILP1 was still unavailable.  The ILP line containing the As3-IHP1 
allele and fl2-RFP was not grown, nor was RFP pollen crossed onto the line in 2016. 
 
Color Correction 
In 2015, samples for the NIL series and the IHP1 and ILP1 controls were taken with different 
cameras and different lighting conditions.  In order to correct for these differences, color 
correction was performed using the color of the white, non-RFP expressing kernels on each ear.  
The values for redness were determined using the ratio of the red channel value over the green 
199 
 
channel.  Due to the different photo conditions, the raw values for the control ears showed a 
strong increase in redness compared to the NIL series, even for the ILP1 ears, which were 
expected to be lighter in color than the NILs.  The differences in the photograph conditions are 
also clear by eye in the photographs (Figure 5.7B).   
 
White adjustment was performed in one of two ways.  In both 2015 and 2016, the fl2-RFP 
transgene segregated on most ears, which generated both pink and white kernels on the same ear.  
The white kernels could be used to adjust for ambient light conditions in the photograph 
environment.  White kernels were sampled for RGB values using the same protocol as pink 
kernels, then pink kernel R/G values were corrected using the average R/G value for white 
kernels on the corresponding ear.  For ears that did not segregate the transgene, the average value 
of white kernels for related plants and light conditions was used as the correction factor.  In 
2016, a color card was included in all photographs.  Color correction could therefore also be 
performed using the white value on the color card in the photos, again dividing the pink kernel 
R/G value by the R/G value of the white on the color card.  The values adjusted to the white 
kernels were best able to correct for different photo conditions and were used for all further 
analyses to enable comparisons across both years. 
 
RFP Phenotype for the NIL Series Ears 
The 2015 ears showed a general trend of a response in IHP NILs and no response to 
introgression in the ILP NILs.  Trends in the data were visualized using boxplots of the linear 
model of the R/G phenotype by the NIL class.  An analysis of variance (ANOVA) was 
performed and confirmed the significance of NIL class on R/G phenotype (p < 2.2e-16).  The 
Tukey honest significant difference (Tukey HSD) test was then performed using the HSD.test 
function in the R package agricolae (version 1.2-4).  The two IHP background NILs were not 
significantly different from each other, but differed from the IHP1 control.  The ILP NILs 
containing the IHP1 asparagine synthetase allele were not significantly different than ILP.  The 
ILP1: ASNase-IHP1 NIL had a higher R/G ratio than the other ILP ears, but was not 
significantly different than ILP1 (p < 0.05).  The trends found in the 2015 data were seen again 
in the 2016 grown plants.  The ANOVA again showed significant variation between the NIL 
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classes (p=2.401e-12).  The Tukey HSD showed the IHP NILs were significantly different than 
IHP1, and the ILP NILs were not significantly different than ILP1 (p < 0.05). 
 
NIL Series in Hybrids 
Eleven sets of hybrids for the NIL series were made in 2015 and grown in the field in 2016 
(Table 5.4).  Grain protein was measured using NIR (see methods).  The range of grain protein 
was very large: 2.9% to 17.1% grain protein in hybrids.  The impact of the NIL recurrent parent 
was highly evident in the hybrid. This shows the variants for asparagine cycling genes present 
within the Illinois Long Term Selection Experiment had strong effects on grain protein even 
when hybridized to recent elite inbred lines.  For the IHP background, the near isogenic lines 
with ILP alleles each had lower grain protein in the hybrid than the control hybrid with IHP.  
Likewise, in the ILP background, the hybrids made with introgression lines had slightly higher 
grain protein than the hybrids to ILP (Figure 5.8). 
 
The hybrids from two parents, LH123 and PGH39, had higher protein than the trend.  Both 
LH123 and PHG39 containedAs3-ILP and Asnase-ILP alleles.  Grain protein was higher when 
LH123 was crossed to IHP background NILs, compared to other diverse parents.  The hybrids 
made using Va85 were among the lowest protein for all NILs in the series.  Va85 contains As3-
IHP and asnase-IHP alleles.  These unexpected results could reflect non-additive effects among 
alleles at the As3 and Asnase loci, or possibly epistatic interactions with the genomic 
backgrounds. 
 
Discussion 
Asparagine cycling is important for generating different asparagine concentrations in the plant, 
and the concentration of asparagine signals to the plant differences in N status.  The relative 
metabolic inactivity of asparagine—it is only synthesized and degraded through one metabolic 
route—and its relatively high nitrogen to carbon ratio makes it an excellent storage molecule for 
N.  In addition, high concentrations of asparagine during development have been linked to high 
soybean seed protein concentrations at maturity (Hernandez-Sebastia et al., 2005; Pandurangan 
et al., 2012; Huber et al., 2016).  In maize, the asparagine to glutamine ratio in particular is 
closely related to kernel growth (Seebauer et al., 2004).   
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In order to test the importance of asparagine cycling alleles in the ILTSE, near isogenic lines 
were developed for the regions surrounding As3 (GRMZM2G053669) and Asnase 
(GRMZM2G082032).  Alleles from ILP were moved into the IHP background, and vice versa.  
The NIL series was phenotyped in the field in 2015 and 2016, and background genotypic 
markers were also taken in 2015 to fully characterize these plants.  In total, relatively small 
regions were introgressed around the two genes.  Additionally, the introgression of these alleles 
had a strong impact on seed and ear phenotypes, and grain protein concentration in particular. 
 
Phenotypes in the NIL allele series 
The increases in grain protein were not as large in 2016 as those seen in 2015, but there were 
more individuals sampled in the 2016 field season, and those individuals were grown in full rows 
rather than chosen out of segregating rows.  Additionally, the 2015 field season experienced 
some stunting due to flooding early in the growing season, which plants eventually outgrew, but 
total ear weights in 2015 were much lower than for 2016, indicating a moderate effect from this 
flooding.  Also, larger ears and larger kernels inherently would have lower protein concentration 
despite having higher protein content. 
 
Phenotypic traits improved in the ILP background when IHP alleles for asparagine cycling were 
introgressed into it, which was particularly clear in the 2016 data.  The 2015 data for ear and 
seed phenotypes in ILP was noisy, and the trends were less clear (Figure 5.6A).  For these traits, 
the 2016 data was more appropriate because the samples were taken from random individuals 
grown in full rows rather than specific individuals in a segregating row.  ILP plants showed 
increased ear and kernel size with the introgression of IHP alleles for asparagine cycling (Figure 
5.6B).  These plants would have increased asparagine concentration in the leaves and ears 
throughout the life cycle.  In particular, with higher concentrations of asparagine in the seed, the 
plant may receive signals that the seed is a strong sink, which would lead the seed to increase in 
protein concentration (Hernandez-Sebastia et al, 2005; Pandurangan et al, 2012).   
 
The opposite phenotypic response was seen in IHP where the NIL lines showed decreased grain 
protein as well as decreased ear and seed weights and kernel number.  These changes combined 
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to generate much lower total protein content in the IHP NIL ears.  In normal IHP plants, 
asparagine hyperaccumulates because IHP constitutively expresses As3 and has a null mutation 
for Asnase, so it is always synthesizing asparagine, and none of it can be catabolized back to 
glutamine.  This shunts both carbon and nitrogen away from normal metabolism.  As such, IHP 
plants have smaller seeds and ears than normal maize plants.  It would be expected, then, that 
removing this hyperaccumulation of asparagine and generating higher concentrations of 
glutamine available for metabolism would improve agronomic traits.  Unfortunately, the 
opposite was observed.  After over one hundred cycles of selection, it is very likely other 
perturbations affect grain composition in IHP.  Moreover, the asparagine cycling alleles were 
fixed for the hyperaccumulation system by cycle 65, which means there have been over 60 
additional cycles for new systems to respond to the high asparagine plant environment and boost 
grain protein. During that time, plants may have adapted to a high asparagine plant environment, 
and changing the asparagine concentration in the NIL plants may have changed the fitness level 
of additional genes that were selected since asparagine cycling was fixed.   Near isogenic lines 
were developed to see the specific response of only the asparagine cycling system. 
 
Near isogenic lines where ILP alleles were introgressed into IHP1 showed decreased grain 
protein concentration and ear and seed weight.  The combination of these changes meant the 
plants had much less grain protein content.  Similarly, ILP background lines had increased grain 
protein concentration and ear and seed weight, and as such had much higher total grain protein 
content. 
 
Differences in phenotype detected by NIR and fl2-RFP transgene 
A more specific phenotype was characterized using the fl2-RFP transgene expression as a marker 
for zein concentration (Lucas, 2014).  Zein proteins are the main N storage molecule in maize 
seeds (Lohaus et al, 1998).  Colorimetric analysis using the ratio of red to green on the kernel 
was used as a phenotype for this system.  This ratio was most closely correlated to grain protein, 
compared to other colorimetric traits.  In 2011 and 2012, the red/green ratio correlated to grain 
protein at a Pearson value of 0.48 and 0.33 (Lucas, 2014).  The medium correlation was likely 
due to zein concentration comprising most, but not all of the protein fraction.   
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Phenotypic differences observed in the fl2-RFP trait were strong between IHP and the NILs 
where IHP was the recurrent parent.  The concentration of zein proteins decreased in these 
plants.  Recall there was a trend toward lower grain protein in the NIL allele series for IHP; 
however, the decrease was not statistically significant.  Here, the difference in RFP red/green 
was significant.  Some of this effect could have been due to a larger effective range in the color 
spectrum, since IHP exhibits a very strong dark pink color.  The expected trend in ILP for 
increased pinkness with IHP alleles for asparagine cycling genes was less clear.  Although 
protein concentration measured by NIR was increased, the level of pink coloration in the kernel 
only increased very slightly. 
 
The NIR method of quantifying protein concentration measures total seed nitrogen.  Near 
infrared reflectance detects amide bonds, and this value is associated to grain protein using a 
calibration curve.  The calibration curve for the Perten DA 7200 Near Infrared Analyzer used in 
this experiment was generated using nitrogen combustion analysis, which measured total 
nitrogen (Lucas, 2014).  This measurement is much broader than the fl2-zein reporter line 
because it can include free amino acids still lingering in the mature seed or any other protein in 
the seed.  Concentrations of free amino acids remaining in mature seeds are usually low, but 
could be possible in this population where asparagine cycling alleles can lead to 
hyperaccumulation of asparagine.  In contrast fl2-RFP reports the specific phenotype of zein 
expression.  This is a subset of the variation observed in the NIR data.   
 
ILP may be unable to accumulate high concentration of zein.  RFP and NIR results showed that 
although ILP increased grain protein concentration, it did not do so via fl2-zein.  One explanation 
is the introgression of asparagine cycling alleles from IHP led to increased free asparagine in the 
seed, but that was not incorporated into the zein storage proteins.  Part of this problem could be 
an inability in ILP to interpret free asparagine as a signal to accumulate protein.  More likely, 
however, is a loss of function in zein synthesis pathways in ILP.  Data from the Moose Lab has 
shown that ILP has vast reductions specifically in zein concentrations.  Other experiments also 
demonstrated that reverse selection for increased grain protein was unable to restore 
concentration of the 22kD zein fraction, although the 19kD zeins did increase. 
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Another explanation for the higher protein concentration measured by NIR than the RFP reporter 
could be non-storage proteins in the seed.  The difference could represent metabolic proteins in 
the endosperm performing active metabolism at a higher rate, allowing the seed to metabolize 
longer and make more starch.  Each of these hypotheses could be further explored to improve 
our understanding of the ILP-syndrome. 
 
Asparagine as a signal for increasing grain protein concentration 
Asparagine cycling alleles may program the plant well before the grain filling stage to have 
different ear traits and later kernel sizes based on the asparagine status of the plant during 
growth.  Concentrations of asparagine in the leaf and other maternal tissues may be equally 
important as asparagine in the grain.  Asparagine itself could be a signal to increase grain protein 
concentration, and this system shows a correlation between expected asparagine concentrations 
specifically and total grain protein measured by NIR. 
 
There is some evidence for a role of canalization in determining the high protein phenotype in 
IHP.  Asparagine cycling may have been important during early generations of selection for 
grain protein, and once the alleles were fixed and the seeds accumulated high concentrations of 
asparagine, additional genes could become important for further increasing grain protein.  The 
current NIL experiment supports this hypothesis, because removing the hyperaccumulation of 
asparagine generated only a relatively small decrease to grain protein—seeds still had over 21% 
grain protein—rather than a catastrophic decrease, so other genes must play a role in determining 
the high protein phenotype in IHP. 
 
Conclusions 
In this experiment, I generated introgression lines for an allele series combining two loci in 
single and double near isogenic lines for asparagine cycling alleles.  The allele series differed for 
phenotypic traits, particularly grain protein.  Additional grain phenotypes were affected by the 
difference in asparagine cycling.  ILP seeds and ears became larger along with increased grain 
protein, but not increased zein, from the introgression of IHP alleles for asparagine cycling.   
Conversely, the ears and seeds from IHP near isogenic lines were smaller and had lower grain 
protein concentrations.  These data support a role for asparagine as a signal to increase grain 
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protein.  The changes in phenotype were very likely caused by changes asparagine cycling in 
particular, based on the sizes of introgressions estimated by sequencing markers.  In total, 
asparagine cycling alleles and asparagine concentration are important for grain protein traits and 
nitrogen use efficiency. 
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Figures and Tables 
 
 
Figure 5.1: Asparagine cycling alleles in the ILTSE.  A.) Schematic of asparagine metabolism. 
B.) Schematic of promoter lesions in IHP for asparagine synthetase 3 (AS3) and asparaginase 
(ASNase) C.) Relative expression level of AS3 and ASNase in IHP and ILP, measured by qPCR. 
D.)  Allele frequency for asparagine cycling alleles in IHP and ILP at cycle 65 and cycle 100. 
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Figure 5.2: Schematic of NIL generation.  IHP1 and ILP1 were crossed to generate an F1 
population.  Progeny from the F1 were separated into two new populations and continually 
backcrossed to either IHP1 or ILP1 as the recurrent parent.  BC2 populations were generated 
without the use of markers and were screened to find individuals with the appropriate AS and 
ASNase allele from the donor parent.  BC6 populations were generated through continued 
backcrossing with forward selection for AS and ASNase introgressions. 
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Figure 5.3A: Pedigree of near isogenic lines for population with ILP as the recurrent parent and IHP as the donor parent for 
asparagine cycling alleles.  Each box represents the genotype of an individual plant; the top half is colored to represent the AS3 allele 
and the bottom box represents the asparaginase allele.  Red boxes represent IHP alleles, blue boxes represent ILP alleles, and purple 
boxes represent heterozygotes.  Boxes with gold type face represent individuals that were sequenced.  Boxes with red outlines were 
crossed to fl2-RFP plants. 
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Figure 5.3B: Pedigree of near isogenic lines for population with IHP as the recurrent parent and ILP as the donor parent for 
asparagine cycling alleles.  Each box represents the genotype of an individual plant; the top half is colored to represent the AS3 allele 
and the bottom box represents the asparaginase allele.  Red boxes represent IHP alleles, blue boxes represent ILP alleles, and purple 
boxes represent heterozygotes.  Boxes with gold outlines represent individuals that were sequenced.  Boxes with red type face were 
crossed to fl2-RFP plants. 
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ASNase? ASNase? ASNase?
AS? AS? AS?
ASNase? ASNase? ASNase?
het IHP AS?
? het ASNase?
het het AS?
IHP het ASNase?
IHP AS?
ILP ASNase?
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Sample %IHP %ILP %het 
830-5 95.2 1.3 3.6 
833-4 91.7 1.8 6.5 
834-5 88.9 2.4 8.7 
834-7 54.1 45.6 0.3 
835-1 95.4 1.1 3.4 
837-1 94.0 1.7 4.3 
837-3 96.5 1.3 2.2 
838-12 92.4 3.0 4.6 
838-2 93.9 2.0 4.0 
839-3 94.4 1.8 3.8 
839-9 90.7 2.6 6.7 
841-3 94.1 4.3 1.6 
841-4 96.1 0.7 3.2 
866-15 9.3 65.7 25.1 
866-7 7.8 62.8 29.4 
867-9 9.2 63.0 27.8 
868-9 7.3 46.8 45.9 
869-12 8.6 44.3 47.1 
869-16 19.3 44.4 36.2 
870-14 10.1 44.1 45.8 
870-4 9.7 55.4 35.0 
871-3 8.9 49.1 41.9 
 
Table 5.1: Relative proportion of SNPs belonging to each allele class for each near isogenic line 
using 2013 populations.  BC4 plants would be expected to have ~96.8% recurrent parent alleles; 
BC1 plants are expected to contain ~75% recurrent parent alleles. 
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Figure 5.4A: Relative allele frequency in the near isogenic lines as measured by SNPs generated 
by 2013 genotyping by sequencing.  The percentage of SNPs which matched the IHP allele are 
represented by red bars, the frequency of SNPs for the ILP allele are represented by blue bars 
and heterozygous loci are represented with purple bars.  Ambiguous SNP calls are in grey. 
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Figure 5.4B: Chromosome-scale representations of donor and recurrent parent contributions 
around asparagine synthetase 3 on chromosome 1 and asparaginase on chromosome 2.  The 
locations of the candidate genes are indicated by the yellow boxes.  Each column represents and 
individual near isogenic line, and each row represents the average allele composition in a one 
megabase region.  Red represents IHP alleles, blue represents ILP alleles, and purple represents 
equal frequency of IHP and ILP alleles or heterozygous loci. 
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 # IHP # Het # ILP % IHP %ILP 
NIL_2593_1 21,561 100 192 98.7 0.9 
NIL_2593_5 22,022 147 192 98.5 0.9 
NIL_2594_10 20,091 161 164 98.4 0.8 
NIL_2595_8 21,077 262 180 97.9 0.8 
NIL_2596_19 20,029 294 282 97.2 1.4 
NIL_2596_7 21,770 318 478 96.5 2.1 
NIL_2597_17 148 3 26 83.6 10 
NIL_2597_6 21,560 494 312 96.4 1.4 
NIL_2609_13 18,244 164 271 97.7 1.4 
NIL_2611_1 21,080 256 758 95.4 3.4 
NIL_2612_2 21,450 173 738 95.9 3.3 
NIL_2613_7 22,347 211 613 96.4 2.6 
NIL_2622_9 1,447 194 20,402 6.6 92.5 
NIL_2626_3 1,272 314 20,355 5.8 92.7 
NIL_2627_13 1,426 79 19,717 6.7 92.9 
NIL_2627_3 1,379 216 19,518 6.5 92.4 
NIL_2633_15 621 626 20,848 2.8 94.3 
NIL_2646_7 1,067 572 15,177 6.3 90.2 
NIL_2648_13 789 293 20,248 3.7 94.9 
NIL_2648_3 570 760 19,626 2.7 93.6 
NIL_2648_9 442 347 19,945 2.1 96.2 
NIL_2650_2 1,103 508 19,068 5.3 92.2 
NIL_2650_8 446 294 18,898 2.3 96.2 
 
Table 5.2: Number of SNPs belonging to each allele class for each near isogenic line and the 
relative proportions of those SNPs.   
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Figure 5.5A: Relative allele frequency in the near isogenic lines (NILs) as measured by SNPs 
generated by 2015 genotyping by sequencing.  The number of SNPs which matched the IHP 
allele are represented by red bars, the number of SNPs for the ILP allele are represented by blue 
bars, and heterozygous loci are represented with purple bars.  The NIL populations measured 
were at least three generations more advanced than the populations from 2013, and the relative 
frequency of donor alleles reflects the additional backcross generations. 
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Figure 5.5B: Schematic of near isogenic lines SNP composition on chromosome 1 (left) and 
chromosome 2 (right).  Each column represents a different individual plant grown in 2015 for 
each allele combination.  The expected introgressed region is around asparagine synthetase at 
~45Mb (yellow box).  The expected introgressed region is near asparaginase at ~5Mb.  Both 
plots are colored based on proportion of IHP (red) or ILP (blue) alleles in a 1Mb window along 
the chromosome.  Heterozygous regions are represented in purple, and missing data is 
represented as white.   
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NIL ID RP AS Allele 
ASNase 
Allele Ear Genotype 
AS 
Min 
(Mb) 
AS 
Max 
(Mb) 
Size 
(Mb) 
# of 
Genes 
ASN 
Min 
(Mb) 
ASN 
Max 
(Mb) 
Size 
(Mb) 
#of 
Genes 
2595-8 IHP IHP ILP (IHP1: AS-IHP1; ASNase-ILP1) BC6S2         
2596-19 IHP IHP ILP (IHP1: AS-IHP1; ASNase-ILP1) BC6S2     5 5 0 93 
2596-7 IHP IHP ILP (IHP1:AS-IHP1;ASNase-ILP1)x(IHP:0/FL2zein-RFP)         
2611-1 IHP IHP ILP (IHP1: AS-IHP1; ASNase-ILP1) BC6S2     5 5 0 93 
2612-2 IHP IHP ILP (IHP1: AS-IHP1; ASNase-ILP1) BC6S2     5 5 0 93 
2613-7 IHP IHP ILP (IHP1: AS-IHP1; ASNase-ILP1) BC6S2     5 5 0 93 
2593-1 IHP ILP IHP (IHP1: AS-ILP1; ASNase-IHP1) BC6S2 44 52 8 448     
2593-5 IHP ILP IHP (IHP1: AS-ILP1; ASNase-IHP1) BC6S2 44 52 8 448     
2594-10 IHP ILP IHP (IHP1:AS-ILP1;ASNase-IHP1)x(IHP:0/FL2zein-RFP) 44 52 8 448     
2597-6 IHP ILP IHP (IHP1:AS-ILP1;ASNase-IHP1)x(IHP:0/FL2zein-RFP) 40 52 12 655     
2609-13 IHP ILP IHP (IHP1: AS-ILP1; ASNase-IHP1) BC5S3 39 53 14 776     
2622-9 ILP IHP IHP (ILP1:AS-IHP1;ASNase-IHP1)x(ILP:0/FL2zein-RFP) 11 59 48 2,828 4 5 1  
2627-3 ILP IHP IHP (ILP1: AS-IHP1; ASNase-IHP1)BC6S3 11 46 35 2,145 4 4 0  
2650-2 ILP IHP IHP (ILP1: AS-IHP1; ASNase-IHP1)BC6S3 11 59 48 2,828 0 5 5  
2648-13 ILP IHP IHP (ILP1: AS-IHP1; ASNase-ILP1)BC6S2 22 45 23 1,317 0 4 4  
2626-3 ILP IHP ILP (ILP1: AS-IHP1; ASNase-ILP1)BC6S3 23 59 36 2,006     
2627-13 ILP IHP ILP (ILP1: AS-IHP1; ASNase-ILP1)BC6S3 11 59 48 2,828     
2646-7 ILP IHP ILP (ILP1:AS-IHP1;ASNase-IHP1)x(ILP:0/FL2zein-RFP) 1 48 47 3,001     
2633-15 ILP ILP IHP (ILP1: AS-ILP1; ASNase-IHP1) BC7S2   0  4 4 0  
2648-3 ILP ILP IHP (ILP1: AS-ILP1; ASNase-IHP1) BC6S2     0 4 4 505 
2648-9 ILP ILP IHP (ILP1: AS-ILP1; ASNase-IHP1) BC6S2 55* 55* 0*  0 4 4 505 
2650-8 ILP ILP IHP (ILP1: AS-ILP1; ASNase-IHP1) BC6S2     0 4 4 505 
 
Table 5.3: Size of introgressions in final NIL plants. 
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Figure 5.6A: Seed and ear traits for 2015 field grown plants.  Data were taken from five self-pollinated ears.  Tukey results represent 
the comparison within the two NIL populations based on recurrent parent (red for IHP recurrent and blue for ILP recurrent) to perform 
the ANOVA and Tukey.HSD. 
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Figure 5.6B: Seed and ear traits for 2016 field grown plants.  Data were taken from five self-pollinated ears.  Tukey results represent 
the comparison within the two NIL populations based on recurrent parent (red for IHP recurrent and blue for ILP recurrent) to perform 
the ANOVA and Tukey.HSD. 
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Figure 5.6C: Grain starch concentrations in 2015 (top) and 2016 (bottom).  IHP recurrent parent 
populations are represented by red-filled boxes, and ILP populations are represented with blue 
boxes.  Grain starch was measured by Perten Near Infrared Analyzer. 
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Figure 5.7A: Grain protein concentration measured by NIR (2015).  Tukey test was performed 
in R using TukeyHSD from Agricolae.  Dark green in the schematic represent IHP alleles and 
light green areas represent ILP alleles expected in the individual near isogenic lines. 
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Figure 5.7B: Grain protein concentration measured by NIR (2016).   
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Figure 5.7C: fl2-RFP transgene expression in the NIL series (2015).  Red over green values 
were measured in ImageJ using a color correction for ambient light.  Tukey test was performed 
on the entire NIL series.  NILs are arranged from highest expected protein on the left to lowest 
protein on the right.   
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Figure 5.7D: fl2-RFP transgene expression in the NIL series (2016).  Red over green values 
were measured in ImageJ using a color correction for ambient light.  Tukey test was performed 
on the entire NIL series.  NILs are arranged from highest expected protein on the left to lowest 
protein on the right.   
 
224 
 
 
Figure 5.8: Grain protein concentration for hybrids made with the near isogenic lines grown in 
2015 and diverse inbred parents with known asparagine cycling alleles.  Lines are colored by the 
expected allele combination in the non-ILTSE parent: genotypes colored blue contained ILP-like 
alleles for both AS and ASNase; red contained IHP-like alleles for both; dark purple lines 
represent genotypes with the ILP-like AS and IHP-like ASNase; and light purple lines represent 
genotypes with IHP-like AS and ILP-like ASNase alleles.   
 
 
 
 
 
 
 
225 
 
References 
Dudley JW and Lambert RF. (2004) 100 Generations of Selection for Oil and Protein in Corn.  
Plant Breeding Reviews: Part 1: Long-term Selection: Maize. 24: 79-110. 
Elshire RJ, Glaubitz JC, Sun Q, Poland JA, Kawamoto K, Buckler ES, and Mitchell SE (2011) A 
robust, simple genotyping-by-sequencing (GBS) approach for high diversity species. 
PLoS One. 6: e19379. 
Glaubitz JC, Casstevens TM, Lu F, Harriman J, Elshire RJ, Sun Q, Buckler ES. (2014) TASSEL-
GBS: A High Capacity Genotyping by Sequencing Analysis Pipeline. PLoS ONE. 9(2): 
e90346. 
Hernandez-Sebastia C, Marsolais F, Saravitz C, Israel D, Dewey RE, and Huber SC. (2005) Free 
amino acid profiles suggest a possible role for asparagine in the control of storage-
product accumulation in developing seeds of low- and high-protein soybean lines. 
Journal of Experimental Botany. 56(417): 1951-1963. 
Hopkins, CG. (1899) Improvement in the chemical composition of the corn kernel. Journal of 
the American Chemical Society. 21(11): 1039-1057. 
Huber SC, Li K, Nelson R, Ulanov A, DeMuro CM, and Baxter I. (2016) Canopy position has a 
profound effect on soybean seed composition. PeerJ. 4:e2452. 
Lohaus G, Buker M, Hussman M, Soave C and Heldt H. (1998) Transport of amino acids with 
special emphasis on the synthesis and transport of asparagine in the Illinois Low Protein 
and Illinois High Protein strains of maize. Planta. 205: 181-188. 
Lucas CJ. (2014) Genetic analysis of grain protein concentration and related traits in the Illinois 
protein strain recombinant inbred population of maize. University of Illinois Urbana 
Champaign. 
Moose SP, Dudley JW, and Rocheford TR. (2004) Maize selection passes the century mark: a 
unique resource for 21st century genomics. Trends in Plant Science. 9(7): 358-364. 
Pandurangan S, Pajak A, Molnar SJ, Cober ER, Dhaubhadel S, Hernandez-Sebastia C, Kaiser 
WM, Nelson RL, Huber SC, and Marsolais F. (2012) Relationship between asparagine 
metabolism and protein concentration in soybean seed. Journal of Experimental Botany. 
63(8): 3173-3184. 
Saghai-Maroof MA, Soliman KM, Jorgensen RA, and Allard RW. (1984) Ribosomal DNA 
spacer-length polymorphisms in barley: mendelian inheritance, chromosomal location, 
and population dynamics. Proceedings of the National Academy of Sciences. 81(24): 
8014-2018. 
Seebauer J, Moose S, Fabbri B, Crossland L and Below F. (2004) Amino Acid Metabolism in 
Maize Earshoots. Implications for Assimilate Preconditioning and Nitrogen Signaling. 
Plant Physiology. 136: 4326-4334.  
 
 
 
 
 
 
 
 
 
 
226 
 
Dissertation Summary  
 
The overall goal of this dissertation was to discover and test candidate genes for the regulation of 
nitrogen metabolism.  As the world population approaches the United Nations projection of 9.7 
billion people by mid-century, the world food production will need to increase as well.  Previous 
yield increases have been achieved through increased application of nitrogen fertilizer, but 
fertilizer use has both economic and ecological costs.  Improvements in genetic traits 
surrounding nitrogen use efficiency (NUE) can increase maize yield without increased fertilizer 
use.  Existing studies have characterized genes involved in N metabolism; however, the 
regulatory genes surrounding nitrogen utilization and remobilization are poorly understood.  Of 
particular interest are genes which regulate N utilization and could be targets for breeding to 
improve NUE.  In this dissertation, I identified and characterized potential regulators of nitrogen 
utilization using transcriptomic, genomic, and reverse-genetic approaches. 
 
In chapter 2, I characterized the nitrogen responsive transcriptome over the course of the maize 
life cycle for plants grown under limiting or sufficient nitrogen.  By sampling both leaf and ear 
tissues from these plants, the dynamics of source-sink control could be assessed.  Among genes 
that are candidates to regulate source-sink are the 110 genes which responded to nitrogen in 
opposite ways in leaf and ear tissues (Figure 2.5).  Of particular interest are four transcription 
factors from this set, including three MYB family transcription factors and bHLH175.  These 
genes should be further investigated to determine their role in regulating source-sink dynamics in 
relation to nitrogen response. 
 
From the nitrogen responsive transcriptome, candidate nitrogen regulatory genes were identified.  
Putative transposon insertion mutants were obtained and tested for perturbations of N response in 
chapter 3.  A mutant in zap1 (GRMZM2G148693) resulted in loss of expression in the leaf 
tissue, but not in the ear (Figure 3.5).  The zap1-mum1 mutant showed transcriptomic differences 
and a different nitrogen response than the W22 control genotype.  179 genes showed different N 
response patterns in zap1-mum1 compared to W22 (Figure 3.9), while the mean expression level 
of 875 genes was significantly different in zap1-mum1 than W22 (Table 3.5).  Enriched among 
the differentially expressed genes in zap1-mum1 were transcription factors from the MADS, 
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WRKY and EREB families (Figure 3.8).  Several MYB and bHLH transcription factors were 
differentially expressed in the zap1-mum1 mutant, but the specific family members differed from 
the genes identified for their contrasting N response by tissue in chapter 2. 
 
An additional strategy to identify candidate regulatory genes for nitrogen response, used in 
chapter 4, was to characterize the differences between Illinois High Protein (IHP) and Illinois 
Low Protein (ILP) from the Illinois Long Term Selection Experiment.  The selection experiment 
has generated unique genetic resources arising from over a century of selection for maize grain 
protein concentration.  Transcriptome and genome profiles were used to identify candidate genes 
involved in generating the strong phenotypic differences between IHP and ILP.  Because IHP 
and ILP have been reproductively isolated for a hundred generations and both drift and selection 
have acted on the IHP and ILP genomes, the genomes and transcriptomes are very different.  
Over the growing season, 6,701 genes were differentially expressed between the two genotypes 
(Table 4.2).  Another set of 2,018 genes changed expression in response to field applied N 
fertilizer in IHP (Table 4.4).  An additional 3,716 genes were identified as hubs of the IHP and 
ILP gene expression networks (Figure 4.10).  Finally 1,716 genes contained SNPs which showed 
divergent selection in IHP and ILP (Figure 4.11).  In total 11,172 genes—over a quarter of all 
genes—were identified as candidate genes (Figure 4.14).   
 
Phenotypically, IHP and ILP are particularly distinct for N related traits, and hyperaccumulation 
of asparagine has been noted as a novel characteristic of IHP (Lohaus et al., 1998).  More recent 
work has identified perturbations in IHP for the genes that encode the enzymes for synthesis and 
catabolism of asparagine, respectively.  Increased asparagine in the IHP plant throughout the 
growing season may signal to the plant to accumulate protein in the seed (e.g. Huber et al., 2016; 
Seebauer et al., 2004).  Reciprocal NIL populations for the IHP and ILP asparagine cycling 
alleles were generated and tested for their effect on grain protein concentration (Figure 5.2).  In 
the IHP background, the addition of ILP alleles for asparagine synthetase and asparaginase 
decreased grain protein by 0.6% and 1.1%, respectively.  In the ILP background, grain protein 
increased by 0.4%, 0.9%, and 1.1% protein with the addition of asparagine synthetase, 
asparaginase or both alleles from IHP (Figure 5.7).  The exchange of an asparaginase allele, but 
not always the asparagine synthetase allele, resulted in a grain protein concentration that was 
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significantly different than the recurrent parent.  However, this difference in grain protein was 
never adequate to move the grain protein concentration to resemble the donor parent.  The IHP 
lines with ILP alleles still maintained 23.8% grain protein in their seeds on average, with the 
lowest observed protein concentration being 14.4%.  The ILP lines were never higher than 
9.25%, and the ILP line with IHP alleles for both asparagine cycling genes maintained a mean 
protein concentration of 7.0% across 2015 and 2016.  This is consistent with grain protein 
concentration being a complex, polygenic trait and with the wide range of transcriptomic and 
genomic differences observed between IHP and ILP in chapter 4.  While drift likely played a role 
in generating differences between IHP and ILP, the complex nature of the trait made it 
particularly difficult to characterize.  However, the significant effect on grain protein in the 
asparagine cycling NIL populations is promising, and other alleles could be identified which 
modulate grain protein to a similar extent. 
 
Overall, transcriptional and genomic profiling experiments can generate a large number of 
candidate genes for nitrogen response.  Continued functional genomics approaches such as 
mutants and near-isogenic lines will need to be used to test the vast number of hypotheses that 
arise from the “omics” analyses.  Moreover, due to the complexity of the nitrogen utilization trait 
and the structure of the maize genome, stacking functional alleles is almost certainly necessary to 
have an effect on NUE.  However, with a growing human population and the economic and 
ecological constraints on current farming practices, improvement to nitrogen use is as prescient a 
need as ever. 
 
 
 
 
 
 
